Removal of Phenols and Decolorization of Dyes from Polluted Wastewater by Using Soluble and Immobilized Bitter Gourd (Momordica charantia) Peroxidases by Akhtar, Suhail
Removal of Phenols and decolorization of 
dyes from polluted wastewater by using 
soluble and immobilized bitter gourd 
(Momordica charantia) peroxidases 
SUMMARY 
T H E S I S 
SUBMITTED FOR THE AWARD OF THE DEGREE OF 
Boctor of plnlosopljp 
IN 
BIOCHEMISTRY 
BY 
S U H A I b AKHTAR 
DEPARTMENT OF BIOCHEMISTRY 
FACULTY OF LIFE SCIENCES 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH (INDIA) 
2005 
% 
V 
SUMMARY 
This work demonstrates the preparation of an inexpensive bioaffinity 
adsorbent by simple incubation of Sephadex G-50 with jack bean meal extract 
at room temperature. Sephadex G-50 adsorbed 17 mg of Concanavalin A per g 
of the matrix. Concanavalin A adsorbed Sephadex was used for the 
immobilization of peroxidase (specific activity of 99.0 EU/mg protein) directly 
from ammonium sulphate fractionated proteins of bitter gourd (300 EU/g of 
vegetable). The obtained bioaffinity support was very efficient for the high 
yield immobilization of peroxidase from bitter gourd and it bound nearly 425 
EU/g of the support. Bitter gourd peroxidase immobilized on lectin-Sephadex 
support showed very high effectiveness factor 'rf of 1.25. Immobilized 
peroxidase preparation was quite stable against the denaturation induced by 
pH, heat, urea, Triton X 100, Tween 20, SDS, Surf Excel and water-miscible 
organic solvents, dimethyl sulphoxide and dimethyl formamide. Low 
concentration of detergents like SDS, Tween 20, and Triton X 100 enhanced 
the activity of soluble and immobilized bitter gourd peroxidase. Peroxidase 
bound to the bioaffinity support exhibited high resistance to proteolysis caused 
by the trypsin treatment as compared to the soluble peroxidase. Concanavalin 
A-Sephadex bound bitter gourd peroxidase retained 85% of its initial activity 
after treatment with 2.5 mg trypsin per ml of incubation mixture for 1 h at 37 
°C while the soluble enzyme lost nearly 40% of the initial activity under 
similar incubation conditions. 
* * * * * 
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The partially purified bitter gourd peroxidase was employed for the 
decolorization of twenty-one dyes, with a wide spectrum chemical groups, 
currently being used by the textile and other important industries. We have 
shown here for the first time that peroxidase from bitter gourd was highly 
effective in decolorizing industrially important dyes. Dye solutions (50-200 
mg/L) were used for the treatment with bitter gourd peroxidase. Bitter gourd 
peroxidase was able to decolorize most of the textile dyes by forming insoluble 
precipitate. When the textile dyes were treated with increasing concentrations 
of enzyme, it was observed that greater fraction of the color was removed but 
four out of eight reactive dyes were recalcitrant to decolorization by bitter 
gourd peroxidase. Step-wise addition of enzyme to the decolorizing reaction 
mixture at the interval of 1 h further enhanced the rate of dye decolorization. 
Dye decolorization was enhanced when the dyes were incubated with fixed 
quantity of enzyme for increasing time intervals. Decolorization of non-textile 
dyes resulted in the degradation and removal from the solution without any 
precipitate formation. 
Decolorization rate was drastically increased when the textile and other 
industrially important non-textile dyes were treated with bitter gourd 
peroxidase in the presence of a redox mediator, 1-hydroxybenzotriazole (1.0 
mM). Complex mixtures of dyes were prepared by taking three to four reactive 
textile and non-textile dyes in equal proportions. Each mixture was decolorized 
by more than 80% when treated with enzyme in the presence of 1.0 mM 1-
hydroxybenzotriazole. These observations suggested that the peroxidase-redox 
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mediator system was an effective biocatalyst for the treatment of effluents 
containing recalcitrant dyes from textile, dye manufacturing, dyeing and 
printing industries. 
Immobilized peroxidase from bitter gourd was highly effective in 
decolorizing reactive textile dyes compared to its soluble counterpart. Dye 
solutions were treated with soluble and immobilized bitter gourd peroxidase in 
the buffers of different pH values. The decolorization of dyes with both the 
preparations of enzyme was maximum in the pH range of 3.0-4.0. The effect of 
different temperatures on the dye decolorization was monitored and it was 
observed that all the dyes were maximally decolorized at 40 °C. In ordei to 
examine the operational stability of the immobilized enzyme preparation, the 
same aliquot of the enzyme was repeatedly exploited for the decolorization of 
the eight reactive textile dyes. Even after 10 cycles, in each case, the 
immobilized preparation retained nearly 50% of the initial enzyme activity 
The immobilized enzyme preparation retained more than 90% of the original 
activity while the soluble enzyme lost 33% of the initial activity when stored 
for 40 days at room temperature. Mixtures of three, four and eight dyes were 
prepared and treated with soluble and immobilized bitter gourd peroxidase. 
Each mixture was decolorized by more than 80% when treated with 
immobilized enzyme. Dyeing effluent collected from local dyers was treated 
with both types of enzyme preparations. Immobilized enzyme was capable of 
removing remarkably high concentration of color from the effluent. Total 
organic carbon content of soluble and immobilized enzyme treated indiv*du?l 
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dyes, mixture of dyes and dyeing effluent was determined and it was observec 
that higher organic carbon was removed after treatment with immobilized 
enzyme. 
The bioaffinity bound bitter gourd peroxidase was also employed for the 
treatment of wastewater contaminated with phenols. The polluted water was 
treated with soluble and immobilized enzyme preparations under various 
experimental conditions. Maximum removal of phenols was found in the pH 
range of 5.0-6.0 and at 40 °C in the presence of 0.75 mM H202. Fourteen 
different phenols were treated in the buffer of pH 5.6 at 37 °C with soluble and 
immobilized bitter gourd peroxidase. Chlorinated phenols and pheno! were 
significantly removed while other substituted phenols were marginally 
removed by the peroxidase treatment. Phloroglucinol and pyrogallol were 
recalcitrant to the action of bitter gourd peroxidase. Immobilized bitter gourd 
peroxidase preparation was capable of removing remarkably high percentage of 
phenols from the mixtures of phenols. Total organic carbon of the treated 
phenols was also analyzed. Significantly high total organic carbon removal was 
observed in case of immobilized BGP treated polluted water containing phenol 
or mixtures of phenols. 2,4-DCP and a mixture of phenols were also treated in 
a stirred batch reactor with fixed quantity of enzyme for longer duration. The 
soluble bitter gourd peroxidase ceased to function after 3 h while the 
immobilized enzyme was active even after 6 h of incubation with phenolic 
solutions. 
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The experimental results obtained in the present work revealed the 
effectiveness of the peroxidase catalyzed enzymatic reaction in the treatment of 
water contaminated with dyes and phenols. Immobilized bitter gourd 
peroxidase resulted in effective performance over the free peroxidase. 
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1.1. POLLUTION AND ENVIRONMENTAL CONCERN 
Environmental pollution implies any alternation in the surroundings but it is 
restricted in use especially to mean any deterioration in the physical, chemical and 
biological quality of the environment. All types of pollution, directly or indirectly 
affect human health. The pollutants fall under the broad category of xenobiotic 
compounds and are released into the environment by the action of man and occur in 
concentrations higher than 'natural levels'. 
Among the various types of environmental pollution, water pollution is an age 
old problem but it has gained an alarming dimensions lately because of the problems 
of population increase, sewage disposal, industrial waste, radioactive waste, etc. 
These factors have contributed so much to the pollution of water resources that nearly 
70-80% rivers and streams all over the world carry polluted water (Tibbetts, 2000). 
Continuation of this trend may have catastrophic impact on human health and 
environment. Therefore, effective means of solving this problem must be developed 
to preserve the quality of life for future generations. 
Phenols, aromatic amines and dyes are the most important classes of synthetic 
industrial chemicals that are often present in the industrial effluents from various 
manufacturing operations. Numerous chemical industries, sending these toxic 
compounds into the environment are coal conversion, petroleum refining, resin and 
plastic, dyes and other organic chemicals, textile, timber, mining and dressing, pulp 
and paper (Zilli et al, 1993; Chang et al, 1998). In addition, among the different 
classes of pollutants that enter the environment, some of them are also derived from 
agricultural activities. Large-scale use of herbicides, insecticides and pesticides in 
agriculture contributes to the presence of these hazardous materials on the surface and 
in the ground water. 
1.1.1. Phenols and water pollution 
Phenols are the most important class of synthetic industrial chemicals that are 
often present in the industrial effluents with a typical concentration that range from 
100 to 1000 mg/L (Al-Kassim et al, 1993; Wu et al, 1993). Phenols are also released 
as intermediary products during the microbial degradation of pesticides or some other 
xenobiotics (Berry and Boyd, 1985; Ruggier et al, 1989). The vast majority of 
phenols have been classified as toxicity priority pollutants and some of them are even 
JnUodudum 
known suspected carcinogens (Buchanan and Nicell, 1997; Karamanev et al, 1998). 
Phenols play an important role in the ecological balance of some compartments of soil 
and water (Ahborg and Thunderberg, 1980). Presence of these chemicals in ground 
water or in drinking water poses a significant health risk. Therefore, the 
decontamination of phenols from industrial aqueous effluents is an important practical 
aspect prior to their final discharge. 
1.1.2. Dyes and water pollution 
Synthetic dye manufacturing started in 1856, when the English chemist, W.H. 
Perkin, in an attempt to synthesize quinine, obtained a bluish substance with excellent 
dyeing properties that later become known as aniline purple. Soon after, new dyes 
began to appear in the market, a process that was strongly stimulated by Kekule's 
discovery of the molecular structure of benzene in 1865. 
Dyes are used extensively for paper printing, color photography, textile dyeing 
and as an additive in petroleum products. It is estimated that there are over 10,000 
commercially available dyes with a production of over 7 x 105 tons per year (Fu and 
Viraraghavan, 2001). Nearly 50% of the industrial dyes produced in the world are azo 
dyes (Chung et al., 1992). However, about 10-15% of the synthetic dyes produced are 
discharged into industrial effluents causing environmental problems (Spadaro et al, 
1992). 
Many dyes are visible in water at concentration as low as 1 mg/L. Textile-
processing wastewater, typically with dye content in the range 10-200 mg/L are 
therefore usually highly colored and discharge in open water affects the aesthetic 
merit, water transparency and gas solubility in lakes, rivers and other water bodies 
(O'Neill et al, 1999; Robinson et al, 2001). As dyes used in the textile industry are 
designed to resist fading upon exposure to sweat, light, water, many chemicals 
including oxidizing agents and microbial attack, so they are difficult to degrade once 
released into aquatic systems hence they are highly persistent in natural environment. 
The release of dyes may cause an ecotoxic hazard and introduces the potential danger 
of bioaccumulation that may eventually affect man by transport through the food 
chain. Various workers have investigated dyestuff toxicity and these toxicity studies 
diverge from tests with aquatic organisms (fish, algae, bacteria, etc.) to tests with 
animals. Furthermore, work has been carried out to determine the effects of dyestuffs 
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and dye containing effluents on the activity of both aerobic and anaerobic bacteria in 
wastewater treatment systems (Greene and Baughman, 1996). 
In humans some disperse dyestuffs have been found to cause allergic 
reactions, i.e. eczema or contact dermatitis (Specht and Platzek, 1995). Chronic 
effects of dyestuffs, especially of azo dyes, have been studied for several decades. 
Azo dyes in purified form are seldom mutagenic or carcinogenic, except for some azo 
dyes with free amino groups (Brown and De Vito, 1993). However, reduction of azo 
dyes, i.e. cleavage of the dye's azo linkages, leads to the formation of aromatic 
amines and several aromatic amines are known mutagens and carcinogens (Spadaro et 
al, 1992; Chung and Stevens, 1993). 
1.1.3. Classification of dyes 
The color of the dye is mainly due to the presence of chromophoric groups 
such as azo, anthraquinone, triarylmethane, etc. Based on chemical structure or 
chromophore, 20-30 different groups of dyes can be discerned. Azo (monoazo, 
disazo, triazo, polyazo), anthraquinone, phthalocyamine and triarylmethane dyes are 
quantitatively the most important groups. Other groups include diarylmethane, 
indigoid, azine, oxazine, thiazine, xanthene, nitro, nitroso, methine, thiazole, 
indamine, indophenol, lactone, aminoketone and hydroxyketone dyes and dyes of 
undetermined structure (stilbene and sulphur dyes). Each dye is assigned a generic 
name determined by its application characteristics and its color (O'Neill et al, 1999). 
Various classes, chemical types and applications of dyes are listed in Table 1. 
1.2. CLASSICAL METHODS FOR THE TREATMENT OF ORGANIC 
POLLUTANTS AND THEIR LIMITATIONS 
Various physical and chemical techniques can be employed to treat 
wastewater containing phenols and dyes (Bretscher, 1981; van der Zee, 2002). These 
techniques include membrane filtration, coagulation/flocculation, sorption and ion 
exchange, electrolysis, adsorption, advanced oxidation processes (chlorination, 
bleaching, ozonation, Fenton oxidation and photocatalytic oxidation) and chemical 
reduction (Worden and Donaldson, 1987; Vandevivere et al, 1998; Hao et al, 2000). 
Several factors, e.g. pollutant type, wastewater composition, dose and costs of 
required chemicals, operational costs, environmental fate and handling costs of 
generated waste products determine the technical and economic feasibility of each 
single compound removal technique. 
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Table 1 
Classes, chemical types and applications of dyes 
Class 
Acid 
Azoic components 
and compositions 
Basic 
Direct 
Disperse 
Fluorescent 
brightners 
Food, drug and 
cosmetic 
Mordant 
Natural 
Oxidation bases 
Pigments 
Reactive 
Solvent 
Sulfur 
Vat 
Chemical types 
Azo,nitro and nitroso, 
triphenylmethane, azine and 
xanthene 
Azo 
Cyanine, azo, azine, 
triarylmethane, xanthene, 
acridine, oxazine, and 
anthraquinone 
Azo, phthalocyanine, 
stilbene, and oxazine 
Azo, anthraquinone, styryl 
andnitro 
Stilbene, pyrazoles, 
coumarin, and 
naphthalimides 
Azo, anthraquinone, 
carotenoid, and 
triarylmethane 
Azo and anthraquinone 
Anthraquinone, flavonols, 
flavones, indigoids, chroman 
Aniline black and 
indeterminate structures 
Azo, basic, phthalocyanine, 
quinacridone, and indigoid 
Azo, anthraquinone, 
phthalocyanine, formazan, 
oxazine, and basic 
Azo, triphenylmethane, 
anthraquinone, and 
phthalaocyanine 
Indeterminate structures 
Anthraquinone (including 
polycyclic quinones), and 
indigoids | 
Applications 
Nylon, wool, silk, paper, inks, 
and leather 
Cotton, rayon, cellulose acetate, 
and polyester 
Paper, polyacrylonitrile 
modified nylon, polyester, and 
inks 
Cotton, rayon, paper, leather, 
and nylon 
Polyester, polyamide, acrylic, 
and plastics 
Soaps and detergents, all fibres, 
oils, paints, and plastics 
Foods, drugs, and cosmetics 
Wool, leather, and anodized 
aluminium 
Food 
Hair, fur, and cotton 
Paints, inks, plastics, and 
textiles 
Cotton, wool, silk, and nylon 
Plastics, gasoline, varnish, 
lacquer, stains, inks, fats, oils, 
and waxes 
Cotton and rayon 
Cotton, rayon, and wool 
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The physico-chemical techniques mentioned above have their own limitations. 
The use of one individual process may often not be sufficient to achieve complete 
mineralization of the compound. Membrane techniques suffer from flux decline and 
membrane fouling, necessitating frequent cleaning (Wu and Wang, 2001). Various 
inorganic coagulants are used which are not very suitable to remove highly soluble 
aromatic compounds from the solution. Moreover, coagulation/flocculation with 
inorganic chemicals generates considerable volumes of useless or even toxic sludge 
that must be incinerated or handled otherwise (Southern, 1995). Activated carbon is 
capable of adsorbing many different compounds but it is expensive and the cost of 
regeneration is also quite high (Cooper, 1993). 
Electrochemical methods are expensive due to large energy requirements and 
the limited lifetime of the electrodes (Vandevivere et al, 1998). Some of the 
ozonation products, especially the aldehydes, are highly toxic. One more disadvantage 
of ozonation is its short half-life (Xu and Lebrun, 1999). In Fenton oxidation, large 
volumes of waste sludge are generated at higher pH (Aplin and Wait, 2000). 
Drawbacks of the photocatalytic oxidation process are the relatively high costs and 
the occasional lack of effectiveness (Hao et al, 2000). 
1.3. BIOLOGICAL PROCEDURES 
Recently, biological techniques based on microbial transformation or 
degradation of the aromatic pollutants have attracted much attention in the treatment 
of wastewater. Many researchers have demonstrated partial or complete 
biodegradation of such chemicals by pure and mixed cultures of bacteria, fungi and 
algae. 
1.3.1. Bacterial biodegradation 
Efforts to isolate bacterial cultures capable of degrading aromatic compounds 
started in the 1970s with reports of a Bacillus subtilis followed by Pseudomonas sp, 
Escherichia coli and Sulfate reducing bacteria (Chung et al, 1978). Isolating such 
microorganisms proved to be a difficult task. Mixed bacterial cultures from a wide 
variety of habitats have also been shown to transform the organic molecules (Knap 
andNewby, 1995). 
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1.3.2. Fungal biodegradation 
The use of lignin degrading white rot fungi (WRF) has attracted increasing 
scientific attention, as these organisms are able to degrade a wide range of recalcitrant 
organic pollutants (Wong and Yu, 1999; Abdulla et al, 2000). To date the majority of 
studies on biological decolorization have focused on fungal strains. The most widely 
studied white-rot fungus, in regards to xenobiotic degradation, is Phanerochaete 
chrysosporium. This fungus is capable of degrading dioxins, polychlorinated 
biphenyls and other chloro-organics (Reddy, 1995). 
1.3.3. Algal biodegradation 
Degradation of a number of azo dyes by algae has been reported in a few 
studies (Jinqi and Houtian, 1992; Semple et al, 1999). The degradation pathway is 
thought to involve reductive cleavage of the azo linkage followed by further 
degradation of the generated aromatic amines. Hence, algae have been demonstrated 
to degrade several aromatic amines, even sulphonated ones (Luther and Socder, 
1991). 
1.3.4. Microbial biosorption 
The uptake or accumulation of chemicals by microbial mass has been termed 
biosorption (Kumar et al, 1998; Hu and Hager, 1999). Bacteria and fungi have been 
used for the purpose of decontaminating the organic pollutants (Hu, 1992). 
1.3.5. Limitations of biological procedures 
Since bacterial, fungal and algal degradation of the aromatic compounds is 
attributed to secondary metabolic pathways, appropriate growth conditions have to be 
accomplished by additional loads of chemicals. Moreover, the expression of the 
enzymes involved in phenol, aromatic amines and dye degradation is not constant 
with time but dependent on the growth phase of the organisms and is influenced by 
inhibitors that may be present in the effluent (Wesenberg et al., 2003). 
Under aerobic conditions aromatic compounds are not readily metabolized, the 
intermediates formed by these degradative steps resulted in the disruption of 
metabolic pathways. Attempts to develop aerobic bacterial strains for organic 
compound mineralization often resulted in a specific strain, which showed a strict 
ability for a specific compound structure (Kulla, 1981). Under anaerobic conditions, 
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many bacteria reduce aromatic compounds reportedly by the activity of unspecific, 
soluble, cytoplasmic reductases. These enzymes are reported to catalyze the 
production of colorless aromatic amines which may be toxic, mutagenic, and possibly 
carcinogenic to animals (McMullan et al, 2001). 
The various techniques used for the treatment of organic pollutants discussed 
so far have their own limitations and suffer from serious drawbacks, which render 
them ineffective for application in removing dyes and phenols from large volumes of 
industrial effluents. There is a need to find alternative treatment methods that are 
effective in removing such pollutants from large volumes of effluents and are low in 
cost. 
1.4. ENZYMATIC PROCEDURES 
In the recent past enzymatic approach has attracted much interest as an 
alternative method to the conventional procedures used for the removal of dyes and 
phenols from wastewater. Enzymatic treatment falls between the two traditional 
wastewater treatment processes; physico-chemical and biological, since it involves 
chemical processes based on the action of biological catalysts. The potential 
advantages of enzymatic treatment as compared with conventional treatment include: 
application to biorefractory compounds; operation at high and low contaminant 
concentrations; operation over a wide range of pH, temperature and salinity; absence 
of shock loading effects; absence of delays associated with the acclimatization of 
biomass; reduction in sludge volume and the ease and simplicity of controlling the 
process. Enzymatic treatment offers a high degree of specificity, operation under mild 
conditions, and high reaction velocity (Karam and Nicell, 1997). Enzymes are less 
likely to be inhibited by substances, which may be toxic to living organisms, and their 
cost could eventually be less than that of other methods if commercially available 
enzymes are produced in bulk quantities. Moreover, enzymes require low retention 
times with respect to other treatment methods (Karam and Nicell, 1997). 
Enzymes have undoubtedly stimulated the scientific community's interest and 
have been used in a wide array of applications. In recognition of these potential 
advantages, recent research has focused on the development of enzymatic processes 
for the treatment of dyes and phenols from wastewater. A wide spectrum of enzymes 
have been considered for the removal of dyes and phenols, such as peroxidases, 
laccases and tyrosinases (Bhunia et al, 2001; Klibanov et al, 1983; Rodriguez et al, 
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1999; Ruggier et al, 1989). Various enzymes and their potential applications for the 
treatment of organic waste are listed in Table 2. 
1.5. PEROXIDASES 
Peroxidases (E.C. 1.11.1.7) are ubiquitous hemoproteins, which utilize 
hydrogen peroxide to catalyze the oxidation of a wide variety of organic and 
inorganic substrates (Everse et al., 1991). Peroxidases are classified as 
oxidoreductases and they catalyze the following reaction; 
Donor + H2O2 o oxidized donor + 2H2O 
Hydrogen peroxide first oxidizes the enzyme, which in turn oxidizes the 
substrate (Karam and Nicell, 1997). A dye like o-dianisidine can be used as the 
substrate/electron donor to detect peroxidase because its oxidized product is colored. 
The rate of appearance of this colored pigment can be measured colorimetrically and 
is equivalent to the rate of reaction; 
H202 + colorless dye (reduced) Peroxidase» H202 + colored dye (oxidized) 
Peroxidases have molecular weights ranging from 35,000 to 100,000. In 
peroxidase, the bound cofactor necessary for its activity is heme. Heme is a complex 
between an iron ion (Fe+3) and the molecule protoporphyrin IX. The iron is 
coordinated to 4 pyrrole nitrogens of the heme and a nitrogen of an axial histidine. 
coo- coo-
CH2 CH2 
CH,
 H CH2 
* " VcH, 
Structural Formula of Heme 
Several peroxidases have been isolated, sequenced and characterized. They 
have been classified essentially in three classes, depending on the organism (Class I, 
intracellular prokaryotic peroxidases, Class II extracellular fungal peroxidases and 
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Table 2 
List of enzymes and their potential applications for the treatment of 
organic waste 
Enzyme 
Alkylsulfatase 
Azoreductase 
Chitinase 
Chloro-peroxidase 
Cyanidase 
Haemoglobin 
Laccase 
Lignin peroxidase 
Lipase 
Lysozyme 
Manganese peroxidase 
Microperoxidase-11 
Peroxidase 
Phosphatase 
Proteases 
Tyrosinase 
Source 
Pseudomonas C12B 
Pseudomonas sp 
Serratia marcescens 
Caldariomyces fumago 
Alcaligenes denitrificans 
Blood 
Several fungi, e.g. 
Trametes versicolor, 
Fomas annosus 
Phanerochaete 
chrysosporium 
Various sources 
Bacterial 
Phanerochaete 
chrysosporium 
Horse heart 
Horseradish roots, tomato, 
white radish, turnip, bitter 
gourd 
Citrobacter sp 
Bacterial, e.g. Bacillus 
subtilis, Pseudomonas 
marinoglutinosa 
Mushroom 
Applications 
Surfactant degradation 
Decolorization of dyes 
Bioconversion of shellfish 
waste 
Oxidation of phenolic 
compounds 
Cyanide decomposition 
Removal of phenols and 
aromatic amines 
Removal of phenols, 
decolorization of Kraft 
bleaching effluents, 
binding of phenols and 
aromatic amines with 
humus 
Removal of phenols and 
aromatic compounds, 
decolorization of kraft 
bleaching effluents 
Improved sludge 
dewatering 
Improved sludge 
dewatering 
Oxidation of phenols and 
aromatic dyes 
Decolorization of dyes 
Oxidation of phenols, 
aromatic amines and dyes, 
decolorization of kraft 
bleaching effluents 
Removal of heavy metals 
Solubilization offish and 
meat remains 
Removal of phenols 
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Class III secretary plant peroxidases) (Welinder, 1992). Class I peroxidases do not 
contain any carbohydrate and any calcium ions. On the contrary, Class II and III 
contain two calcium ions and are glycosylated on the protein surface. 
1.5.1. Biotechnological applications of peroxidases 
Peroxidase activity has been identified in plants, microorganisms and animals, 
where they play important roles. In plants they participate in the lignification process 
(Wakamatsu and Takahama, 1993) and in the mechanism of defense in physically 
damaged or infected tissues (Biles and Martin, 1993). In the food industry, peroxidase 
has been widely used as an indicator of the adequacy of vegetables blanching, due to 
its relatively high thermal stability and wide distribution (Rodrigo et al, 1997). 
Peroxidases are also used in the paper and pulp industry. WRF can attack 
lignin and simultaneously degrade wood components to carbon dioxide and water 
(Arana et al, 2002). Some of them selectively and efficiently degrade lignin rather 
than cellulose or hemicellulose (Li, 2003). Wood pulp may be delignified 
enzymatically using a LiP in the absence of peroxide (Gysin and Griessman, 1994). 
Recently, peroxidase based electrodes have been widely used in analytical 
systems for determination of hydrogen peroxide and organic hydroperoxides (Jia et 
al, 2002). When co-immobilized with a hydrogen peroxide producing enzyme, they 
may be exploited for determination of glucose, alcohols, glutamate, lactose and 
choline (Ruzgas et al, 1996; Sharma et al, 2002). 
Due to the peroxidase ability to yield chromogenic products at low 
concentrations and its relatively good stability, it is well suited for the preparation of 
enzyme conjugated antibodies and application in diagnostic kits for the determination 
of uric acid and total cholesterol (Krell, 1991; Ragland et al, 2000). 
HRP is probably the most common enzyme used as a reporter (enzyme labeled 
antibody) in enzyme immunoassays. ELISA tests in which peroxidase is used for 
labeling an antibody, have been developed for screening monoclonal antibodies 
against mycotoxins (Kawamura et al, 1989). Mycotoxins are dangerous by-products 
of several species of fungi and are known to be hepatotoxic, nephrotoxic, teratogenic 
and mutagenic to a wide variety of mammalian species (Clarke et al, 1993). 
Recently peroxidases from various sources (fungus and plant) have been 
applied for the treatment of wastewater contaminated with phenols and aromatic dyes 
(Duran and Esposito, 2000; Husain and Jan, 2000; Torres et al., 2003). 
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1.6. REMEDIATION OF PHENOLIC COMPOUNDS AND SYTHETIC 
DYES BY PEROXIDASES 
1.6.1. Phenol removal by peroxidases 
In the early 1980s, researchers for the first time developed an idea of using 
oxido-reductive enzymes for treating wastewater contaminated with phenols 
(Klibanov et al, 1980; Klibanov et al, 1983; Atlow et al, 1984). Some workers 
suggested that peroxidases could be used to oxidize phenols to free radicals or 
quinones (Duran and Esposito, 2000). These oxidation products can couple to each 
other resulting in the formation of water insoluble oligomers or polymers (Ryu et al, 
1993). The polymerization reaction can be written as follows; 
H202 + 2AH2 Peroxidase>> 2H20 + polymerized products (HAAH) 
HAAH can serve as a hydrogen donor, leading to higher degrees of 
polymerization. These insoluble complexes are less toxic as compared to their soluble 
substrates and can be easily removed from the reaction mixture by simple filtration, 
sedimentation or centrifugation (Duran and Esposito, 2000; Husain and Jan, 2000). 
It has been demonstrated that peroxidases from different sources such as 
horseradish, Coprinus cinereus, Coprinus macrorhizus, Arthromyces ramosus, turnip 
and soybean could be used in the decontamination of phenols (Al-Kassim et al, 1994; 
Seelback et al, 1997; Duarte-Vazquez et al, 2003). The kinetics and processes of 
peroxidase-catalyzed polymerization for phenol removal have also been investigated 
(Siddique et al, 1993; Arseguel and Baboulene, 1994). 
The Coprinus cinereus peroxidase was used for the removal of ten different 
phenols from water. The treatment of aqueous solution of phenol with the fungal 
peroxidase resulted in the polymerization and precipitation of the phenols (Kauffmann 
et al, 1999). Foul condensate originating from the kraft recovery process, containing 
phenolic compounds was treated with HRP. The treatment selectively targeted 
phenolic compounds resulting in a reduction of the total phenol concentration below 
1 mg/L (Wagner and Nicell, 2003). Laurenti et al. (2002) have investigated the 
reaction mechanism of the oxidation of 2,6-DCP by HRP and H2O2 and the reaction 
products were characterized by UV-visible and mass spectrometry. Duarte-Vazquez et 
al. (2002) investigated the efficiency of using turnip peroxidase to remove several 
different phenolic compounds as water-insoluble polymers from synthetic wastewater. 
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Aqueous solutions of five different phenols were treated with hydrogen peroxide and 
HRP resulting in more than 95% removal of phenols within 3 h (Wagner and Nicell, 
2002). 
1.6.2. Dye removal by peroxidases 
Use of peroxidases in the removal of dyes from polluted water is now well 
documented (Bhunia et al, 2001; Shaffique et al, 2002; Mielgo et al, 2003). In 
recent years a great deal of research has been directed towards developing processes 
in which peroxidases were employed for the treatment of industrial dye effluent 
(Wesenberg et al, 2003). Fungal peroxidases were quite successful in the removal of 
dyes (Boer et al, 2004; Levin et al, 2004). 
Bhunia et al. (2001) have shown that the effective degradation and 
precipitation of industrially important azo dyes was catalyzed by HRP. This enzyme 
exhibited broad substrate specificity towards a variety of azo dyes. Shaffiqu et al. 
(2002) have used peroxidases from plants Ipomea palmata and Saccharum 
spontaneum for the decolorization of eight textile dyes, mainly azo dyes and seven 
other dyes. 
Kim and Shoda (1999) have described the role of Geotrichum candidum Dec 1 
peroxidase (DyP), a glycoprotein, in the decolorization of nine of the 21 dyes 
decolorized by Dec 1 cells. Sugano et al. (2000) demonstrated the efficient 
expression of DyP from Geotrichum candidum Dec 1 in Aspergillus oryzae M-2-3. It 
was achieved by fusing mature cDNA encoding DyP with the Aspergillus oryzae 
ct-amylase promoter. DyP is a key enzyme of decolorizing fungus, Thanatephorus 
cucumeris Dec 1 that degrades azo and antraquinone dyes (Sato et al, 2004). 
The potential of a newly isolated fungus, Geotrichum candidum was 
investigated for the degradation of many xenobiotic compounds such as synthetic 
dyes, food coloring agents, molasses, organic halogens, lignin and kraft pulp 
effluents. The broad-spectrum degradation of such compounds was associated mainly 
with peroxidases produced by the fungus (Shoda, 2003). 
The action of WRF is attributed to extracellular oxidases and peroxidases, the 
most outstanding being manganese peroxidase (MnP) and lignin peroxidase (LiP), 
first described in Phanerochaete chrysosporium (Gold et al, 1988; Tien and Kirk, 
1988). MnP and LiP from WRF are directly involved not only in the degradation of 
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lignin but also in the degradation of various xenobiotic compounds including dyes 
(Hatakka, 1994; Spadaro and Renganathan, 1994). 
The catalytic cycle of MnP proceeds through an initial oxidation by H202 to 
an intermediary compound that, in turn, promotes the oxidation of Mn to Mn 
(Glenn et al, 1986). Mn3+ is stabilized by organic acids such as oxalic acid and the 
Mn3+ organic acid complex formed acts as an active oxidant (Kishi et al, 1994). 
Thus, MnP are able to oxidize their natural substrate, i.e. lignin as well as textile dyes 
(Heinfling et al, 1998a). 
Heinfling et al. (1998b) have investigated the transformation of six industrial 
azo and phthalocyanine dyes by ligninolytic peroxidases from Bjerkandera adusta 
and other WRF. MnP isoenzymes could efficiently decolorize azo dyes and 
phthalocyanine complexes in a Mn2+ independent manner. Moreira et al. (2001) have 
evaluated an enzymatic action of the ligninolytic enzyme MnP as a feasible system 
for the in vitro degradation of highly recalcitrant polymeric dye (Poly R-478). The 
enzymatic treatment provoked not only the destruction of the chromophoric groups 
but also a noticeable breakdown of the chemical structure of the dye. MnP was 
reported as the main enzyme involved in dye decolorization by Phanerochaete 
chrysosporium (Chagas and Durrant, 2001). 
MnP was produced by shallow stationary cultures of Phanerochaete 
chrysosporium growing on N-limited medium. Decolorization of sulfonaphthalein 
dyes by MnP was investigated and almost all dyes were decolorized at pH 4.0 
(Christian et al, 2003). The ability of the white-rot fungus, Lentinula edodes to 
decolorize several synthetic dyes was investigated using solid-state cultures with corn 
cob as substrate. Cultures, containing Amido Black, Congo Red, Trypan Blue, Methyl 
Green, Remazol Brilliant Blue R, Methyl Violet, Ethyl Violet and Poly R-478 at 200 
ppm, were completely decolorized after 18 days of incubation. Partial decolorization 
was observed in the cultures containing 200 ppm of Brilliant Cresyl Blue and 
Methylene Blue. High MnP activity but very low LiP and laccase activities were 
detected in the cultures. In vitro, the dye decolorization was markedly decreased by 
the absence of manganese ions and H2O2. These data suggested that MnP appeared to 
be the main enzyme responsible for the capability of Lentinula edodes to decolorize 
synthetic dyes (Boer et al, 2004). 
Yang et al. (2003) have shown that the two yeasts, Debaryomyces 
polymorphus, Candida tropicalis, and a filamentous fungi, Umbelopsis isabellina, 
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could completely decolorize 100 mg Reactive Black 5 within 16-48 h. Manganese-
dependent peroxidase activities were detected in culture supernatants of these 
organisms. Selwam et al. (2003) reported that 10.8 % of Orange G, an azo dye, was 
decolorized by 15 EU/ml of MnP present in a white rot fungus, Thelephora sp. The 
white rot fungus, Irpex lacteus, decolorized the textile industry wastewater efficiently 
without adding any chemicals. The degree of decolorization of the dye effluent by 
shaking or stationary cultures was 59% and 93%, respectively, on the 8th day. Higher 
level of manganese-dependent peroxidase was detected in stationary cultures than in 
the cultures shaken (Shin, 2004). 
Zhang et al. (1999) observed that MnP played an important role in the 
decolorization of cotton bleaching effluent by an unidentified white-rot fungus. 
Mielgo et al. (2003) described the development of a degradation system based on the 
use of MnP for the degradation of azo dyes. 
LiP also known as Ligninase or diaryl propane oxygenase was first reported in 
1983 (Aitken et al, 1994). LiP catalyzes the oxidation of nonphenolic aromatic lignin 
moieties and similar compounds. LiP catalyzes several oxidations in the side chains of 
lignin and related compounds (Tien and Kirk, 1983). Also the cleavage of aromatic 
ring structures has been reported (Umezawa and Higuchi, 1987). LiP has been used to 
mineralize a variety of recalcitrant aromatic compounds (Gunther et al, 1998), 
polychlorinated biphenyls (Krcmar and Ulrich, 1998) and dyes (Chivukula et al, 
1995). 2-chloro-l,4-dimethoxybenzene, a natural metabolite of WRF was reported to 
act as a redox mediator in the LiP-catalyzed oxidations (Teunissen et al, 1998). 
Phanerochaete chrysosporium cultures, extracellular fluid and purified LiP 
were able to degrade Crystal Violet and six other triphenylmethane dyes by sequential 
N-demethylations (Bumpus and Brock, 1988). Ollikka et al. (1993) reported 75% 
enzymatic degradation of Remazol Brilliant Blue R using crude LiP preparation. 
Chivukula and Renganathan (1995) have shown successful oxidation of sulphonated 
dyes by using LiP. Peralta-Zamora et al. (1999) have also described that LiP from 
Phanerochaete chrysosporium could decolorize about 30% Remazol Brilliant Blue R. 
Verma and Madamwar (2002) demonstrated the decolorization of Procion Brilliant 
Blue HGR, Ranocid Fast Blue, Acid Red 119 and Navidol Fast Black by partially 
purified LiP from Phanerochaete chrysosporum grown on neem hull waste. 
Ollikka et al. (1993) reported that LiP played a major role in the 
decolorization of azo, triphenyl methane, heterocyclic and polymeric dyes by 
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Phanerochaete chrysosporium. LiP was reported as the main enzyme involved in dye 
decolorization by Bjerkandera adusta (Robinson et al, 2001). 
1.6.3. Use of redox mediator in the decolorization of dyes 
Redox mediators are the compounds that speed up the reaction rate by 
shuttling electrons from the biological oxidation of primary electron donors or from 
bulk electron donors to the electron-accepting azo dyes. Low-molecular weight, 
diffusible redox mediators provide high redox potentials (>900 mV) to attack dyes (or 
recalcitrant structural analogs) and are able to migrate into the aromatic structure of 
the dye. 
Enzyme cofactors like FAD are known as effective redox mediators for azo 
dye reduction (Russ et al, 2000) and, in addition, artificial quinones can also act as 
redox mediators. In abiotic systems, quinones have been shown to accelerate chemical 
azo dye reduction by sulfide (van der Zee et al, 2000) as well as electrochemical azo 
dye reduction (Bechtold et al, 1999) and, in biological systems, they were shown to 
accelerate azo dye reduction by anaerobically incubated aerobic biomass (Keck et al, 
1997) as well as azo dye reduction by anaerobic granular sludge (van der Zee et al, 
2001). 
The mechanism of action of laccase-mediator system has been extensively 
studied. In the presence of small molecular weight redox mediators the broad 
substrate specificity of laccases can be extended even more (Reyes et al, 1999). 
3-hydroxyanthranilic acid was the first natural mediator for laccases described. This 
mediator enabled a laccase-catalysed oxidation of nonphenolic lignin model dimers 
(Eggert et al, 1996). 
The discovery of 1-hydroxybenzotriazole (HOBT), an effective laccase 
mediator in pulp processing led to a new class of mediators with NOH as the 
functional group, which is oxidized to a reactive radical (Call, 1994). Nyanhongo et 
al. (2002) have described that the decolorization efficiency of Trametes modesta 
laccase was improved remarkably in the presence of mediators like HOBT and 
2-methoxyphenothiazine. In another study, it has been reported that the laccases from 
the lignin-degrading basidiomycetes, Trametes versicolor, Polyporus pinisitus and the 
ascomycete, Myceliophthora thermophila were capable to decolorize synthetic dyes to 
different extents. The addition of 2 mM HOBT further improved and facilitated the 
decolorization of all nine dyes investigated (Claus et al, 2002). The addition of 
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HOBT to the ligninolytic fluids from the cultures of Trametes trogii, increased both 
the range and rate of decolorization of different dyes (Trupkin et al, 2003). 
Soares et al. (2001a) have shown that a pure fungal laccase obtained from a 
commercial formulation used in the textile industry did not decolorize Remazol 
Brilliant Blue R. Decolorization was only observed when a small molecular weight 
redox mediator was added together with the laccase. Under the conditions specified, 
violuric acid (5.7 mM) was the most effective mediator studied and almost complete 
decolorization was observed within 20 min. 
Effect of anthraquinone 2,6-disulfonic acid (AQDS), a redox mediator, on the 
continuous treatment of a synthetic waste water containing the slowly reducible 
reactive azo dye, Reactive Red 2, was investigated (van der Zee et al, 2001). Batch 
experiments demonstrated that AQDS could increase the first order rate constant of 
Reactive Red 2 reductive cleavage by one order of magnitude. In the continuous 
experiment, addition of AQDS to the reactor resulted in higher Reactive Red 2 
removal (up to 98% at 155 uM AQDS). 
Veratryl alcohol (VA, 3,4-dimethoxy benzyl alcohol), a secondary metabolite 
of several WRF (de Jong et al, 1994), after its oxidation to the VA cation radical 
(VA+) by LiP, acted as a mediator for the degradation of lignin (Farrell et al, 1989). 
Mediating properties of VA could be enhanced if the radical is somehow complexed 
to the LiP (Lundell, 1993). Nevertheless, VA stimulates LiP probably by protecting 
the enzyme against the damaging effect of H2O2 (Akhtar et al, 1997). Ollika et al. 
(1993) reported that VA may enhance the dye decolorization mediated by LiP. LiP 
from Bjerkandera adusta showed low activity in the transformation of six industrial 
azo and phthalocyanine dyes, but the specific activities increased 8 to 100 fold when 
VA was included in the reaction mixture (Heinfling et al, 1998b). Maximum 
decolorization of dyes; Procion Brilliant Blue HGR, Ranocid Fast Blue, Acid Red 119 
and Navidol Fast Black MSRL with partially purified LiP, from Phanerochaete 
chrysosporum, was observed in the presence of 2.5 mM VA (Verma and Madamwar, 
2002). 
1.6.4. Limitations of soluble enzyme 
The use of enzymes in industrial applications has been limited by several 
factors such as high cost, instability and availability. Also the recovery of enzymes 
from reactor, at the end of the catalytic process, is difficult and expensive. This 
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restricted the use of enzymes to batch operations. Over the last few decades, intense 
research in the area of enzyme technology has provided many approaches that 
facilitated their practical applications. Among them, the newer technological 
developments in the field of immobilized biocatalysts can offer the possibility of a 
wider and more economical exploitation of biocatalysts in industry, waste treatment 
and in the development of bioprocess monitoring devices like the biosensor. 
1.7. ENZYME IMMOBILIZATION 
The term immobilized enzyme was adopted at the first enzyme engineering 
conference held at Hennicker, New Hampshire in 1971. Enzyme immobilization 
technique has revolutionized the concept of applied enzymology. Enzyme 
immobilization is one of the most important techniques and is a generic term used to 
describe retention of a biologically active catalyst within a reactor or analytical 
system. The biocatalyst as a single enzyme, mixture of enzymes or enzymes present 
inside a living cell is confined within or on a support material. The immobilized 
enzyme takes on the physical characteristics of the support while retaining the basic 
biochemical activity of the free catalyst. Thus in addition of convenient handling of 
enzyme preparation, the two main target benefits are easy separation of enzyme from 
the product and reuse of the enzyme (Tischer and Volker, 1999). 
Immobilization very often leads to an enhancement in the resistance of 
enzymes against various denaturing factors like extreme pH and temperature, high 
ionic strength, chemical denaturants, proteases, etc. by restricting the unfolding of 
protein which results in the loss of activity. Immobilization has been used to impart 
novel characteristics to enzymes, thereby intentionally modifying their basic catalytic 
behaviour (Clark, 1994). Various natural and synthetic supports like alginate, agarose, 
polyacrylamide co-polymers, etc. are available for enzyme immobilization. 
The numerous methods available for immobilizing enzymes on solid supports 
have been classified into five basic categories; covalent attachment, chemical 
aggregation, entrapment, microencapsulation and adsorption. 
1.7.1. Covalent immobilization 
Covalent coupling of enzyme to solid supports offers the most stable and 
versatile method of immobilization (Weetall, 1974). The process involves the creation 
of covalent linkage between the enzyme and functional groups of the polymer. 
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Generally, the reactive amino acid side chain or N- or C- terminal groups constitute 
the point of contact. Nahar et al. (2001) demonstrated the immobilization of 
horseradish peroxidase on an activated polystyrene surface. Glucose oxidase, 
horseradish peroxidase and lactate oxidase have been covalently immobilized on 
NH2- functionalized glass and a NH2- cellulose film via 13 different coupling 
reagents (Tiller et al, 2002). More recently chloroperoxidase was bound on a 
mesoporous sol-gel glass possessing a highly ordered porous structure via a 
bifunctional ligand, trimethoxysilylpropanol (Borole et al, 2004). 
1.7.2. Chemical aggregation 
Enzyme immobilization can also be carried out by covalently connecting a 
large number of enzyme molecules with the help of bifunctional or multifunctional 
agents (Chang, 1964). Glutaraldehyde has widely been used for this purpose in the 
construction of enzyme-based sensors (Watanabe et al, 1988). 
1.7.3. Entrapment 
Entrapment of enzymes/biomolecules to polymeric matrices is another 
possible strategy of immobilizing them and several workers have described enzyme 
immobilization using polymeric gels (Petach and Driscoll, 1994; Fachsbauer et al, 
1996). Huang et al. (2003) obtained a highly catalytic microperoxidase-11 biosensor 
for H2O2 by entrapping the microperoxidase-11 into didodecyl dimethyl ammonium 
bromide lipid membrane. Pezzotti et ah, (2004) immobilized Coprinus cinereus 
peroxidase in a polyacrylamide matrix to accomplish the enhanced degradation of 2,6-
DCP. Alcohol oxidase and horseradish peroxidase can be co-immobilized in a 
spongiform hydrogel matrix of hydroxethyl carboxymethyl cellulose (Wu and Choi, 
2004). Musthapa et al. (2004) entrapped crosslinked turnip peroxidase complex in 
calcium alginate gel for high yield immobilization and stabilization of enzyme. 
1.7.4. Microencapsulation 
Microencapsulation can be achieved by interfacial polymerization (a chemical 
process) or by co-acervation (a physical phenomena) leading to immobilization of 
enzymes, which remain chemically unmodified. The technique was developed by 
Chang (1964) and further worked upon by others (Levy et al, 1980; Founlds and 
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Lowe, 1988). Kadnikowa and Kostic (2003) immobilized microperoxidase-11 by 
encapsulation into sol-gel silica glass. 
1.7.5. Adsorption 
Enzyme immobilization on solid surfaces by physical adsorption is a complex 
process involving various non-covalent interactions including hydrogen bonding, 
hydrophobic and electrostatic interactions, leading to reversible association of the 
enzyme with the support. The stability of the enzyme immobilized by adsorption has 
been enhanced in several instances. However, the enzyme binding is highly dependent 
on pH, nature of solvent and temperature. The various types of carriers used include 
alumina, clay, glass, cellulose and acrylic composite (Hou et al, 1991; Zusaman and 
Zusaman, 1995). Ferapontova and Dominguez (2002) immobilized differently 
charged forms of horseradish peroxidase by adsorption on metal electrodes of 
different nature. Ease of enzyme immobilization, regeneration and reuse of the 
support are the important advantages of adsorption. 
Most of the immobilization procedures discussed above result in random 
association of enzymes with support leading to preparations containing enzymes 
oriented in a variety of ways, in addition random immobilization methods inevitably 
cause some apparent inactivation (Khare and Gupta, 1988). The harsh coupling 
conditions like generation of free radicals, drastic pH and temperature changes, use of 
organic solvents, steric constraints and conformational changes due to multiple point 
attachment to the support are all causes, for the reduced enzyme activity. An ideal 
immobilization procedure should not disturb the native conformation of the protein 
and with least effect on the active site. Oriented immobilization of protein, to a great 
extent, can circumvent these problems. While the interest in irreversible and covalent 
methods of immobilization continues, bioaffinity based immobilization procedures, 
several of which result in oriented immobilization, are gaining remarkable attention 
(Mattiasson, 1988; Turkova, 1999). 
1.7.6. Glycoenzyme immobilization 
Glycoproteins are proteins containing carbohydrates attached by covalent 
linkages (Beelay, 1985). Glycoproteins occur in fungi, green plants, viruses, bacteria 
and in higher animal cells, where they serve a variety of functions. Various hormones 
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and important enzymes including deoxyribonuclease, ar-amylase, invertase and 
peroxidase are glycosylated. 
The most important approach in immobilization of glycoproteins is the 
utilization of carbohydrate moieties located in the regions which are not involved in 
their biological activities as the point of association with support (Kas et al, 1990; 
Chaga, 1994). 
Royer (1987) oxidized the carbohydrate residues of glucose oxidase, 
peroxidase, glucoamylase and carboxypeptidase by periodate treatment to generate 
aldehydic groups and treated with ethylene diamine to give enzyme derivates that 
were then coupled to a active ester support. Husain et al. (1992) reported the 
immobilization of horseradish peroxidase using periodate yielding preparation with 
high activity. Liu and Scouten (1996) developed a boronate affinity gel for the 
oriented immobilization of glycoproteins by the linkage through vicinal diols at lower 
pH. 
The other widely used method for the immobilization of 
glycoproteins/glycoenzymes is the use of lectins that have affinity for the glycosyl 
residues of glycoproteins. Lectins are sugar-binding proteins of non-immune origin 
and have been isolated from a variety of animals, plants and microorganism. Most of 
them are glycosylated (West and Goldring, 1992) and have the ability to precipitate 
polysaccharide, glycoproteins and agglutinate cells due to their multiple sugar binding 
sites (Montreuill et al, 1994). The specificity of lectins for carbohydrates and 
carbohydrate containing proteins made them useful for the isolation/purification and 
characterization of glycoproteins (Lis and Sharon, 1981). 
Of the over two hundred lectins identified so far, best characterized and 
widely used lectin is Concanavalin A (Con A), isolated from jack bean. Con A is a 
non-glycosylated metallo-protein existing as dimers or tetramers which demonstrates 
specific binding site for a.D-mannose or a.D-glucose. Con A has been widely used 
in isolation and characterization of various glycoenzymes (Yahara and Edelman, 
1973; Nicolson, 1974). Saleemuddin and Husain (1991) reviewed the usefulness of 
Con A as an effective ligand for the immobilization of many glycoenzymes. 
1.7.7. Enzyme immobilization using Concanavalin A 
The two principal strategies used for the immobilization of glycoenzymes 
using Con A are immobilization of enzyme on supports precoupled with Con A and 
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preparation of insoluble Con A-glycoenzyme flocculates which are readily formed 
when glycoenzymes and Con A are mixed under appropriate conditions (Saleemuddin 
&Husain, 1991; Saleemuddin, 1999). 
Woodward and Wohlpart (1982) obtained highly active preparations of 
Aspergillus niger p-D glucosidase by immobilizing the enzyme on Con A-Sepharose 
through its carbohydrate chains after amino alkylation. Husain and Jafri (1995) 
covalently immobilized invertase and HRP on Con A precoupled to Seralose 4B via 
carbohydrate moieties. Fraguas et al. (2004) prepared Con A-adsorbents by 
immobilizing Con A on Sepharose activated with l-cyano-4-(dimethylamino)-
pyridinium tetrafluoroborate for specific binding of HRP. 
Husain and Saleemuddin (1989) immobilized various glycoenzymes on the 
Con A-Sephadex support. The support was prepared by incubating Sephadex with 
crude jack bean extract, in an attempt to cut down the cost of the preparation of Con A 
matrices using pure Con A. In an earlier study crude jack bean meal was also 
employed for preparing insoluble Con A-glycoenzyme adducts (Hussain and 
Saleemuddin, 1986). Montero and Romeu (1993) immobilized almond p-glucosidase 
on Sepharose linked to Con A, with high enzymatic yield. Docolomansky et al. 
(1994) reported that invertase adsorbed bio-specifically on Con A-beaded cellulose 
exhibited a higher stability compared to invertase covalently linked to other 
derivatives of bead cellulose. Mislovicova et al. (2002) evaluated the interaction of 
two natural glycoproteins; invertase and glucoamylase, and two neoglycoconjugate; 
BSA and penicillin G-acylase, with Con A. In a more recent study, Jan et al. (2005) 
compared the stability of insoluble complexes of glucose oxidase obtained by using 
Con A and polyclonal antibodies. 
1.8. PHENOL REMOVAL BY IMMOBILIZED PEROXIDASE 
The major problem in the development of peroxidase-based catalysis for 
industrial applications is the susceptibility of the enzyme to inactivation (Hiner et al, 
1996; Aitken and Heck, 1998). It has been shown that crude peroxidase was as 
effective as purified peroxidase in catalyzing phenol removal. Significant inactivation 
of peroxidase during the process requires a large quantity of enzyme to ensure 
efficient phenol removal (Cooper and Nicell, 1996), which may make enzymatic 
processes economically infeasible. 
Several workers have used different methods to increase the shelf life of 
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peroxidase and to minimize its inactivation during the removal of phenols. One such 
method adopted by researchers is the addition of certain adsorbents in the reaction 
mixture to prevent the inactivation of peroxidase during the catalytic cycle. These 
additives adsorb the product of reaction and thus prevent the loss of enzyme activity 
(Nakamoto and Machida, 1992; Nicell et al, 1993). Wu et al. (1993) have optimized 
the reaction conditions for enzymatic removal of phenols from wastewater by using 
peroxidase in the presence of polyethylene glycol. 
In spite of some advantages, the addition of coagulants adds extra cost to the 
whole process which makes the large-scale removal of phenols from the industrial 
sites completely infeasible. Moreover, the use of additives cannot ensure the 
reusability of the peroxidase which is necessary for the removal of phenols at the 
reactor level. 
Enzyme immobilization is another strategy known to increase enzyme stability 
and also enabling a continuous conversion process (Tatsumi et al, 1996; Duran and 
Esposito, 2000). Although much research on peroxidase immobilization was done, 
very few were applied to effluent decontamination (Peralta-Zamora et al, 1998). 
Tatsumi et al. (1996) immobilized HRP on magnetite for the removal of 
chlorophenols. It was found that HRP was selectively adsorbed on magnetite and each 
chlorophenol was almost 100% removed. The effect of HRP immobilized on activated 
alumina on the removal efficieny of phenol showed that one molecule of HRP was 
needed to remove approximately 1100 molecules of phenol when the reaction was 
conducted at pH 8.0 and room temperature (Vasudevan and Li, 1996). A fused protein 
consisting of cellulose-binding domain (CBD) and HRP, expressed in E. coli, was 
bound to microcrystalline cellulose and applied for the oxidation of 4-bromophenol. 
Immobilized CBD-HRP exhibited enhanced stability to H2O2 and oxidized 
considerably more 4-bromophenol than free CBD-HRP (Levy et al, 2003). 
Peroxidase, from a crude extract of turnip, was immobilized by entrapping the 
enzyme in alginic acid. The aliginate beads removed more than 90% of phenol after 3 
h of reaction (Regalado et al, 2004). In a more recent study, HRP was immobilized 
with porous aminopropyl glass beads. The immobilized HRP was used for the 
removal of ^-chlorophenol. The polymerization of p-chlorophenol into insoluble 
precipitate was completed within 3 h after the initiation of reaction with the addition 
of H2O2 with a maximal removal efficiency of 25% (Lai and Lin, 2005). 
22 
Jntwductian 
1.9. DYE REMOVAL BY IMMOBILIZED PEROXIDASE 
Several limitations prevent the use of free peroxidases as the stability and 
catalytic ability of free enzyme decrease with the complexity of the effluents (Zille et 
al, 2003). Some of these limitations are overcome by the use of peroxidases in 
immobilized form which can be used as catalysts with longer lifetime (Rogalski et al, 
1995). 
Various applications of peroxidases immobilized on different supports have 
been reviewed (Husain and Jan, 2000; Duran and Esposito, 2000; Torres et al, 2003). 
Hydrophobic matrix bound Saccharum peroxidase was used for the degradation of 
four textile dyes; Procion Navy Blue HER, Procion Brilliant Blue H-7G, Procion 
Green HE-4 BD, and Supranol Green. These dyes at an initial concentration of 50 
mg/L were completely degraded within 8 h by the enzyme immobilized on the 
modified polyethylene matrix. The immobilized enzyme was used in a batch reactor 
for the degradation of Procion Green HE-4BD and the reusability was studied for 15 
cycles and the half-life was found to be 60 h (Shaffiqu et al, 2002). In a more recent 
study, Mohan et al. (2005) investigated the removal of an acid azo dye (Acid Black 
10BX) by free and immobilized HRP. The immobilized HRP showed effective 
performance compared to free HRP. 
The production of MnP by Phanerochaete chrysosporium in a solid-state 
bioreactor, operating with lignocellulosic waste, such as wood shavings, was 
investigated by Rodriguez et al. (2002). The in vitro decolorization of several 
synthetic dyes by the extracellular liquid produced in the bioreactor was carried out 
and its degrading ability was assessed. Lopez et al. (2004) have developed an 
enzymatic membrane reactor for the oxidation of azo dyes by MnP. The configuration 
consisted of a stirred tank reactor coupled with an ultrafiltration membrane. The 
membrane allowed for most of the enzymatic activity to be recovered while both the 
parent dye and the degradation products could pass through. At best conditions, a 
continuous operation with a dye decolorization higher than 85% and minimal 
enzymatic deactivation was feasible for 18 days, attaining an efficiency of 42.5 mg 
Orange II oxidized/MnP unit consumed. 
Zhang et al. (1999) designed reactors of three different configurations 
(continuous packed-bed bioreactor, fedbatch fluidized-bed bioreactor, and continuous 
fluidized-bed bioreactor) and used for the decolorization of Orange II, by MnP and 
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LiP of white rot fungus. The degradation of Orange II, by MnP from immobilized 
Phanerochaete chrysosporium in a continuous packed bed bioreactor for periods 
longer than 30 days was carried out by Mielgo et al. (2001). Nearly complete 
decolorization was achieved when working at a high dye load rate of 0.2 g/L per day, 
at 37 °C and applying oxygen gas in a pulsed flow. 
An immobilized Phanerochaete chrysosporium bioreactor operated with 
pulsation of the gas-phase was proposed and operated at variable conditions for the 
continuous biological degradation of a hardly biodegradable dye Poly R-478. High 
percent of decolorization between 65% and 80% under optimal conditions were 
achieved. Moreover, the system proved to have high stability with long operational 
periods of at least 90 days. During the operation MnP was the sole ligninolytic 
enzyme responsible for decolorization (Mielgo et al, 2002). Moldes et al. (2003) 
studied the production of MnP and LiP by Phanerochaete chrysosporium in a fixed-
bed tubular bioreactor, filled with cubes of nylon sponge, operating in semi-solid-state 
conditions. The in vitro decolorization of two structurally different dyes; Poly R-478 
and Crystal Violet by the extracellular liquid obtained in the above mentioned 
bioreactor was monitored in order to determine its degrading capability. A 
methodology for a long treatment of these dyes based on the continuous addition of 
MnP and H2O2 resulted in a decolorization of 70% and 30% for Crystal Violet and 
Poly R 478, respectively, after 2 h of treatment. 
Moreira et al. (1998) reviewed the state of production of ligninolytic enzymes 
and proposed a new method to achieve continuous production of MnP for the 
detoxification of effluents and biobleaching of kraft pulp. Microperoxidase-11 was 
immobilized by encapsulation into sol-gel silica glass and by physisorption, 
chemisorption, and covalent attachment to silica gel (Kadnikova and Kostic, 2003). 
Fruhwirth et al. (2002) have used a catalase peroxidase from the newly 
isolated Bacillus SF to treat textile-bleaching effluents. The enzyme was immobilized 
on various alumina-based carrier materials of different shapes. Bleaching effluent was 
treated in a horizontal packed-bed reactor containing 10 kg of the immobilized 
catalase peroxidase at a textile-finishing company. 
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1.10. OBJECTIVES OF THE PRESENT WORK 
It is now well recognized that peroxidases can be employed in large number of 
environmental, industrial, biomedical, and analytical applications. In the present work 
we have chosen bitter gourd (Momordica charantia), a climber belonging to family 
Cucurbitaceae as a novel and rich source of peroxidase, which has been frequently 
used as a medicine in the past decade (Figure 1). 
Our study involves the immobilization of partially purified bitter gourd 
peroxidase (BGP) on Con A-Sephadex support for its high yield immobilization and 
stabilization against several forms of inactivation. The soluble BGP was employed, in 
the presence of a redox mediator, HOBT, for the decolorization of textile and non-
textile dyes with a wide spectrum chemical groups. 
The Con A-Sephadex bound BGP was exploited, in the absence of HOBT, for 
the efficient removal of reactive textile dyes. Effect of pH and temperature on the 
decolorization of reactive textile dyes by soluble and immobilized BGP was 
investigated. Dye mixtures and dyeing effluent were also treated by using soluble and 
immobilized BGP. The soluble and immobilized BGP preparations were also used for 
the removal of different phenols at various pH and temperatures. Different mixtures 
of phenols were successfully removed by the action of soluble and immobilized BGP. 
Peroxidase from bitter gourd proved to be an effective enzyme for the remediation of 
phenols and decolorization of dyes from polluted water. 
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Figure 1 Bitter gourd (Momordica charantia) 
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MATERIAL COMPANY 
4-Aminoantipyrene 
Bovine serum albumin 
Carmine 
Celestine Blue 
Coomassie Brilliant Blue G-250 
Coomassie Brilliant Blue R-250 
o-Dianisidine HC1 
DEAE cellulose-11 
Eriochrome Black T 
Evans Blue 
1 -hydroxybenzotriazole 
Hydrogen peroxide 
Jack bean meal 
Martius Yellow 
Methyl Orange 
Methyl Violet 6 B 
Methyl cc.D-mannopyranoside 
Methylene Blue 
1,2-Naphthaquinone 4-Sulphonic acid 
Napthalene Black 12 B 
Rhodamine 6 G 
Sephadex G-50 
Tris buffer 
Triton X 100 
Trypsin 
Tween 20 
Qualigens Fine Chemicals, Mumbai, India 
SRL, Chemicals, Mumbai, India 
BDH Ltd, Poole, England 
Sigma Chemical Co. (St. Louis, MO), USA 
Sigma Chemical Co. (St. Louis, MO), USA 
Sigma Chemical Co. (St. Louis, MO), USA 
IGIB, New Delhi, India 
Genei Bangalore, India 
Qualigens Fine Chemicals, Mumbai, India 
Eastman Organic Chemicals, USA 
SRL, Chemicals, Mumbai, India 
Genei Bangalore, India 
DIFCO, Detroit, USA 
Qualigens Fine Chemicals, Mumbai, India 
BDH Ltd, Poole, England 
BDH Ltd, Poole, England 
Sigma Chemical Co. (St. Louis, MO), USA 
Qualigens Fine Chemicals, Mumbai, India 
BDH Ltd, Poole, England 
BDH Ltd, Poole, England 
Gurr Ltd, London, England 
Amersham Chemicals, Uppasala, Sweden 
SRL, Chemicals, Mumbai, India 
Qualigens Fine Chemicals, Mumbai, India 
Sigma Chemical Co. (St. Louis, MO), USA 
Qualigens Fine Chemicals, Mumbai, India 
All the phenols and organic solvents used in this study were the products of 
SRL, Chemicals, Mumbai, India. Reactive textile dyes were obtained from Atul 
Chemicals Ltd, India. Surf Excel and bitter gourd used in the study were obtained 
from the local market. All other reagents and chemicals employed in the study were 
of analytical grade and were used without any further purification. Structural formulae 
of textile and non-textile dyes used in the present study are given in Figure 2. 
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Figure 2 Structural formulae of textile and non-textile dyes 
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METHODS 
2.2. PARTIAL PURIFICATION AND IMMOBILIZATION OF BGP 
2.2.1. Ammonium sulphate fractionation of bitter gourd proteins 
Bitter gourd (50 gm) was homogenized in 100 ml of 100 mM sodium acetate 
buffer, pH 5.6. Homogenate was filtered through four layers of cheesecloth. The 
filtrate was then centrifuged at 10,000 x g on a Remi R-24 cooling centrifuge. The 
clear supernatant thus obtained was subjected to salt fractionation by adding 20-80% 
(w/v) NH4SO4. It was stirred overnight at 4 °C to obtain the maximum precipitate. 
The precipitate was collected by centrifugation at 10,000 x g o n a Remi R-24 cooling 
centrifuge. The obtained precipitate was redissolved in 100 mM sodium acetate 
buffer, pH 5.6 and dialyzed against the same buffer (Musthapa et ah, 2004). 
2.2.2. Preparation of bioaffinity support 
Sephadex G-50 (5.0 gm) was swelled by incubating with distilled water 
overnight. The swelled Sephadex G-50 was stirred overnight at 4 °C in 100 ml clear 
solution of 10% jack bean meal extract, prepared in 100 mM sodium phosphate 
buffer, pH 6.2. Unbound proteins were removed by extensive washing with the assay 
buffer (Husain and Saleemuddin, 1989). The specific binding of Con A with 
Sephadex was confirmed by eluting the bound lectin by 1.0 M methyl ct.D-
mannopyranoside. 
2.2.3. Immobilization of BGP on Con A-Sephadex support 
BGP (5733 EU) was added to 5.0 gm of Con A-Sephadex support and stirred 
in sodium phosphate buffer, pH 6.2 at 4 °C overnight. Unbound BGP was removed by 
extensive washing with the assay buffer (Husain and Saleemuddin, 1989). 
2.2.4. Effectiveness factor 
The effectiveness factor 'r|' of the immobilized enzyme preparation represents 
the ratio of actual to theoretical activity of the enzyme (Muller and Zwing, 1982). 
Actual activity of the enzyme was determined by assaying an appropriate aliquot of 
the immobilized enzyme. The theoretical activity of the enzyme was calculated by 
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subtracting the soluble enzyme activity lost in washings from the soluble enzyme 
activity added for immobilization. 
2.3. STABILITY STUDIES OF SOLUBLE AND IMMOBILIZED BGP 
2.3.1. Effect of pH 
Activity of soluble and immobilized BGP (1.33 EU/ml) was determined by 
incubating in the buffers of various pH values (3.0-9.0) at 37 °C for 15 min. The 
buffers used were glycine-HCl (pH 3.0), sodium acetate (pH 4.0 and 5.0), sodium 
phosphate (pH 6.0-8.0) and Tris-HCl (pH 9.0). The molarity of each buffer was 100 
mM. The percent remaining enzyme activity was calculated by taking activity at pH-
optimum as control (100%). 
2.3.2. Effect of temperature 
Activity of soluble and immobilized BGP (1.33 EU/ml) was determined at 
various temperatures (30-80 °C) in 100 mM sodium acetate buffer, pH 5.6. The 
percent remaining enzyme activity was calculated by taking activity at temperature-
optimum as control (100%). In another set of experiment, soluble and immobilized 
BGP (1.33 EU/ml) were incubated at 60 °C for varying time intervals in 100 mM 
sodium acetate buffer, pH 5.6. After each incubation period the enzyme was quickly 
chilled in crushed ice for 5 min. The enzyme was brought to room temperature and 
then peroxidase activity was determined. 
2.3.3. Effect of urea 
Soluble and immobilized BGP (1.33 EU/ml) were incubated with 4.0 M urea 
for varying time intervals in 100 mM sodium acetate buffer, pH 5.6 at 
37 °C. Peroxidase activity was determined after each incubation period. 
2.3.4. Effect of trypsin 
Soluble and immobilized BGP (1.33 EU/ml) were incubated with increasing 
concentrations of trypsin (0.25-2.5 mg/ml) in 100 mM sodium acetate buffer, pH 5.6 
at 37 °C for 1 h. In another set of experiment, BGP preparations were also incubated 
with fixed concentration of trypsin (0.5 mg/ml) in 100 mM sodium acetate buffer, pH 
5.6 at 37 °C for varying time intervals. Peroxidase activity was determined after each 
incubation period. 
30 
2.3.5. Effect of detergents 
Soluble and immobilized BGP (1.33 EU/ml) were incubated with increasing 
concentrations of SDS and Surf excel (0.1-1.0%, w/v) and Triton X 100 and Tween 
20 (0.5-5.0%, v/v) in 100 raM sodium acetate buffer, pH 5.6 at 37 °C for 1 h. In 
another set of experiment, BGP preparations were also incubated with lower 
concentrations of SDS (25-500 uM) in 100 raM sodium acetate buffer, pH 5.6 at 37 
°C for 1 h. Peroxidase activity was determined after the incubation period. 
2.3.6. Effect of water-miscible organic solvents 
Soluble and immobilized BGP (1.33 EU/ml) were incubated with varying 
concentrations of water-miscible organic solvents DMSO and DMF (10-60%, v/v) in 
100 mM sodium acetate buffer, pH 5.6 at 37 °C for 1 h. Peroxidase activity was 
determined after the incubation period. 
2.3.7. Storage stability 
Soluble and immobilized BGP preparations were incubated in 100 mM 
sodium acetate buffer, pH 5.6 at room temperature (30-35 °C) for over 40 days. 
Appropriate and equal aliquots of both the BGP preparations were withdrawn in 
triplicate at the gap of 5 days and peroxidase activity was determined. 
2.4. TREATMENT OF DYES BY SOLUBLE BGP 
2.4.1. General procedure for the treatment of dyes 
The dyes (50-200 mg/L) were prepared in 100 mM sodium acetate buffer, pH 
5.6. Reactive textile and non-textile dyes were treated with an appropriate amount of 
BGP in the presence of 0.6 mM H2O2 at 37 °C for the time mentioned in specific 
method. Wavelength maxima (kmax) for each dye was determined by using Cintra lOe 
UV-visible spectrophotometer. The decrease in absorbance of the dye solutions was 
monitored at their respective Xmax- The percent decolorization was calculated by 
taking untreated dye solution as control (100%). 
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2.4.2. Treatment of reactive textile dyes with increasing concentration of 
BGP 
Each dye was incubated with increasing concentrations of BGP (0.133-0.399 
EU/ml) in 100 mM sodium acetate buffer, pH 5.6 in the presence of 0.6 mM H202 for 
2 h at 37 °C. HOBT (1.0 mM) was used as a redox-mediator for the selected 
experiments. Dye decolorization by BGP was monitored at specific wavelength (Amax) 
for each dye in the presence and absence of 1.0 mM HOBT. 
2.4.3. Treatment of reactive textile dyes with BGP for varying times 
Each dye was incubated with fixed concentration of BGP (0.266 EU/ml) in 
100 mM sodium acetate buffer, pH 5.6 at 37 °C in the presence of 0.6 mM H2O2 for 
varying time intervals (1, 2 and 4 h). Decolorization was also performed in the 
presence of 1.0 mM HOBT under other similar experimental conditions. 
2.4.4. Treatment of non-textile dyes 
Each dye was incubated with BGP (0.167 EU/ml) in 100 mM sodium acetate 
buffer, pH 5.6 for 1 h at 37 °C in the presence of 0.6 mM H202. HOBT (1.0 mM) was 
used as a free-radical mediator. 
2.4.5. Treatment of mixture of dyes 
For the preparation of the mixtures, dyes were prepared individually with 
equal absorbance and mixed in equal proportions. Wavelength maximum (^ max) for 
each dye mixture was determined by using Cintra lOe UV-visible spectrophotometer. 
The mixtures of dyes were treated with BGP (0.266 EU/ml) in 100 mM sodium 
acetate buffer, pH 5.6 in the presence of 0.6 mM H202 and 1.0 mM HOBT for 1 h at 
37 °C. Decrease in absorbance of the BGP treated dye mixture was monitored at 
respective wavelength maximum of the mixture. 
2.4.6. Spectral analysis 
Procedure for dye decolorization by soluble BGP was followed by spectral 
analysis. Spectra for the control and soluble BGP treated dye samples in the presence 
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and absence of 1.0 mM HOBT were taken on Cintra lOe UV-visible 
spectrophotometer. 
2.5. TREATMENT OF DYES BY SOLUBLE AND IMMOBILIZED BGP 
2.5.1. General procedure for dye decolorization 
The dyes (50-200 mg/L) were prepared in 100 mM glycine-HCl buffer, pH 
3.5. Equal number of enzyme units of soluble and immobilized BGP were used for the 
decolorization studies. Immobilized BGP was separated from the treated reaction 
mixture by centrifuging at 4000 x g for 10 min. The soluble BGP treated dye solutions 
were kept in boiling water bath for 5 min to stop the reaction. The soluble and 
immobilized BGP treated dye solutions were further incubated at 37 °C overnight. On 
the next day the mixture was centrifuged at 5000 x g for 10 min to remove the 
precipitated product. The decrease in absorbance of the dye solutions was monitored 
at their respective Xmax on Cintra lOe UV-visible spectrophotometer. The percent 
decolorization was calculated by taking untreated dye solution as control (100%). 
2.5.2. Effect of pH 
In this set of experiment the dyes were prepared in the buffers of different pH 
values (3.0-7.0). Each dye was treated with soluble and immobilized BGP (0.25 
EU/ml) in the buffers of various pH values in the presence of 0.75 mM H202 for 1 h 
at 37 °C. 
2.5.3. Effect of temperature 
Each dye was incubated with soluble and immobilized BGP (0.25 EU/ml) in 
100 mM glycine-HCl buffer, pH 3.5 and 0.75 mM H202 at different temperatures (30-
80 °C) for 1 h. 
2.5.4. Treatment of mixture of dyes 
For the preparation of the mixtures, dyes were prepared individually with 
equal absorbance and mixed in equal proportions. Optimum wavelength (Xm^) for 
each dye mixture was determined by using Cintra lOe UV-visible spectrophotometer. 
Each mixture of dyes was incubated with soluble and immobilized BGP (0.25 EU/ml) 
in 100 mM glycine-HCl buffer, pH 3.5 in the presence of 0.75 mM H202 at 37 °C for 
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1 h. Decolorization of the mixture of dyes, after treatment with soluble and 
immobilized BGP, was monitored at the specific wavelength of the mixture. 
2.5.5. Treatment of dyeing effluent 
Effluent from a local dyer was collected and the insoluble material was 
removed by centrifugation. Prior to the enzymatic treatment the effluent was suitably 
diluted with 100 mM glycine-HCl buffer, pH 3.5. Diluted dyeing effluent (200 ml) 
was treated with soluble and immobilized BGP (25 EU) in the presence of 0.75 mM 
H2O2 for 8 h at room temperature (30 °C) under stirring conditions. After treatment, 
aliquot of effluent was centrifuged and clear supernatant was taken for the 
measurement of absorbance in the visible region. 
2.5.6. Reusability of Con A-Sephadex bound BGP 
The reusability of Con A-Sephadex bound BGP in the decolorization of eight 
reactive textile dyes was monitored. Each dye was incubated with immobilized BGP 
(0.25 EU/ml) in 100 mM glycine-HCl buffer, pH 3.5 at 37 °C for 1 h. After the 
incubation period the enzyme was separated by centrifugation and stored in the assay 
buffer for over 20 h at 4 °C. This experiment was repeated 10 times with the same 
aliquot of immobilized BGP and each time with a fresh batch of dye. Dye 
decolorization was monitored at the respective Xmax of each dye. The percent 
decolorization was calculated by taking the first dye decolorization as control (100%). 
2.5.7. Spectral analysis 
Procedure for dye decolorization by soluble and immobilized BGP was 
followed by spectral analysis. Treated mixtures of four and eight reactive textile dyes, 
and dyeing effluent were centrifuged and the clear supernatant was used for 
determining the spectra on Cintra lOe UV-visible spectrophotometer. Spectra for the 
untreated dye mixtures and dyeing effluent were considered as control. 
2.5.8. TOC analysis 
Procedure for spectral analysis was followed by the determination of total 
organic carbon (TOC) content of each dye and the mixture of dyes. In another set of 
experiment, the dyeing effluent was treated with soluble and immobilized BGP (25 
EU) for the determination of TOC left after the treatment. The amount of TOC was 
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evaluated by using a total organic carbon analyzer (Multi N/C 2000, Analytic Jena, 
Germany). 
2.5.9. Calculation of percent dye decolorization 
The percent dye decolorization for each dye/mixture of dyes was calculated by 
the following formula: 
Absorbance of the untreated dye - Absorbance after treatment 
Percent decolorization = x 100 
Absorbance of the untreated dye 
2.6. TREATMENT OF PHENOLS BY SOLUBLE AND IMMOBILIZED 
BGP 
2.6.1. General procedure for the treatment of phenols 
Various phenols (1.0 mM) were treated with soluble and immobilized BGP 
(0.25 EU/ml) in 100 mM sodium acetate buffer, pH 5.6. The reaction was initiated by 
adding H2O2 to a final concentration of 0.75 mM and incubated for 1.5 h at 37 °C. The 
remaining phenol concentration was estimated after the incubation period. The 
percent phenol removal was calculated by taking untreated phenol solution as control 
(100%). 
2.6.2. Effect of H202 
Phenol was treated with soluble BGP (0.25 EU/ml) in the presence of varying 
concentrations of H2O2 (0.15-1.5 mM) in 100 mM sodium acetate buffer, pH 5.6 at 37 
°C for 1.5 h. The remaining phenol concentration was estimated after the incubation 
period. 
2.6.3. Effect of pH 
Phenol, pCP, 2,4-DCP and 2,6-DCP were treated with soluble and 
immobilized BGP (0.25 EU/ml) in the buffers of different pH values (3.0-9.0). The 
reaction was initiated by adding H2O2 to a final concentration of 0.75 mM and 
incubated for 1.5 h at 37 °C. Remaining phenol concentration was estimated after the 
incubation period. The buffers used were glycine-HCl (pH 3.0), sodium acetate (pH 
4.0 and 5.0), sodium phosphate (pH 6.0-8.0) and Tris-HCl (pH 9.0). The molarity of 
each buffer was 100 mM. 
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2.6.4. Effect of temperature 
Phenol and 2,6-DCP were treated with soluble and immobilized BGP (0.25 
EU/ml) in 100 mM sodium acetate buffer, pH 5.6 at various temperatures (20-80 °C). 
The reaction was initiated by adding H2O2 to a final concentration of 0.75 mM and 
incubated for 1.5 h. The remaining phenol concentration was estimated after the 
incubation period. 
2.6.5. Treatment of mixtures of phenols 
Various mixtures of phenols were prepared in 100 mM sodium acetate buffer, 
pH 5.6, by taking different phenols in equal proportions to a final concentration of 1.0 
mM. The mixtures of phenols were incubated with soluble and immobilized BGP 
(0.25 EU/ml) for 1.5 h at 37 °C in the presence of 0.75 mM H202. The remaining 
phenol concentration was estimated after the incubation period. 
2.6.6. Removal of 2,4-DCP in a stirred batch process 
Five hundred milliliter of 2,4-DCP (1.0 mM) was prepared in 100 mM sodium 
acetate buffer, pH 5.6. 2,4-DCP was treated with soluble and immobilized BGP (100 
EU) independently in the presence of 0.75 mM H2O2 for over 8 h at 37 °C with 
constant stirring. Aliquots were taken out from both the containers at varying time 
intervals and analyzed for the remaining phenol concentration. 
2.6.7. Removal of mixture of phenols in a stirred batch process 
Mixture of four phenols (phenol, pCP, 2,4-DCP and 2,6-DCP) was prepared in 
100 mM sodium acetate buffer, pH 5.6, by taking each phenol in equal proportion to a 
final concentration of 1.0 mM. Five hundred milliliter of phenolic mixture was treated 
with soluble and immobilized BGP (100 EU) independently in the presence of 0.75 
mM H2O2 for over 8 h at 37 °C with constant stirring. Aliquots were taken out from 
both the containers at varying time intervals and analyzed for the remaining phenol 
concentration. 
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2.6.8. Spectral analysis 
Phenols and mixtures of phenols were treated with soluble and immobilized 
BGP (0.25 EU/ml) and incubated with activated DEAE cellulose-11 (1.0 mg/ml) for 2 
h at 37 °C with constant stirring. The colored product, adsorbed on the activated 
DEAE cellulose-11, was separated from the reaction mixture by centrifuging at 3000 
x g for 10 min. After the removal of the colored product, spectra of the treated 
phenolic mixtures were taken on Cintra lOe UV-visible spectrophotometer. Mixtures 
of untreated phenols (control) were also incubated with activated DEAE cellulose-11 
and their spectra were taken as described above. 
2.6.9. TOC analysis 
Spectral analysis of the phenolic mixture was followed by Alteration through 
Whatman-1 filter paper for the determination of TOC. Control tubes were treated with 
soluble and immobilized BGP (0.25 EU/ml) in the absence of H2O2. Total organic 
carbon in each sample was measured by using Multi N/C 2000, Analytic Jena TOC 
Analyzer. 
2.6.10. Regeneration of DEAE cellulose 
DEAE cellulose-11 (3.0 gm) was suspended in 100 ml of distilled water and 
kept overnight at room temperature for swelling. The matrix was dried by using 
Buchner funnel and suspended in 50 ml of 0.5 N HC1 for 1 h and washed on a 
Buchner funnel with distilled water till the exchanger was at neutral pH. The DEAE 
cellulose-11 was then treated with 0.5 N NaOH for 1 h and washed with distilled 
water till neutral pH was obtained. The exchanger was then finally suspended in 100 
ml of 100 mM sodium acetate buffer, pH 5.6. 
2.6.11. Calculation of percent phenol removal 
The percent phenol removal for each phenol/mixture of phenols was 
calculated by the following formula: 
Absorbance of the untreated phenol - Absorbance after treatment 
Percent phenol removal = — x 100 
Absorbance of the untreated phenol 
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2.7. COLORIMETRIC ESTIMATIONS 
2.7.1. Estimation of phenol 
The concentration of phenolic compounds was determined by a colorimetric 
method using 4-aminoantipyrine (20.8 mM in 0.25 mM NaHC03) and ferricyanide 
(83.4 mM K3 Fe (CN)6 in 0.25 mM NaHC03). Phenolic compounds react with 4-
aminoantipyrine under alkaline conditions to yield an intermediate species, which is 
oxidized in the presence of potassium ferricyanide reagent. The resulting compound is 
a quinone-type dye, which absorbed light at 510 nm (Ghioureliotis and Nicell, 2000). 
The color intensity is linear with respect to phenol concentration as determined from 
standard curves prepared for each one. 
2.7.2. Estimation of chloride ions 
Aliquots from the reaction mixture were taken at different time intervals and 
concentration of free chloride ions released during the treatment of the chlorophenol 
by BGP was measured by using the mercury (II) thiocyanate method. A 100 ul of 
0.375 M ferric nitrate solution (prepared in 5.25 N perchloric acid) and 100 ul 
solution of saturated mercuric thiocyanate prepared in anhydrous ethanol were mixed 
with 1.0 ml of sample solution. The solution was mixed for 1 min and its absorbance 
was read at 460 nm. NaCl was used as the standard (Zall et al, 1956). 
2.7.3. Measurement of peroxidase activity 
Peroxidase activity was estimated from the change in the optical density (X460 
nm) at 37 °C by measuring the initial rate of oxidation of o-dianisidine-HCl by 
hydrogen peroxide using the two substrates in saturating concentrations. The 
immobilized preparation was continuously agitated for the entire duration of assay. 
The assay was highly reproducible with immobilized preparations (Musthapa et al, 
2004). 
One unit of peroxidase activity was defined as the amount of enzyme protein 
that catalyzes the oxidation of 1.0 umol of o-dianisidine-HCl per min at 37 °C into 
colored product (€m - 30,000). 
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2.1 A. Determination of protein concentration 
A suitable aliquot of the protein sample was diluted to 1.0 ml with distilled 
water. To this 5.0 ml of freshly prepared alkaline copper reagent was added. The 
alkaline copper reagent was prepared by mixing copper sulphate (1%, w/v) sodium 
potassium tartarate (2%, w/v) and sodium carbonate in 0.1 N NaOH in the ratio of 
1:1:100. After the incubation for 10 min at room temperature, 0.5 ml of 1.0 N Folin's 
reagent was added. The contents were mixed and color intensity was read after 30 min 
against the reagent blank at 660 nm. The concentration of protein in the samples was 
determined using standard curve with BSA (Lowry et al, 1951). 
2.7.5. Statistical analysis 
Each value of data given in this manuscript represents the mean of three 
independent experiments performed in duplicate, with average standard deviation 
< 5%. 
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3.1. PARTIAL PURIFICATION AND IMMOBILIZATION OF BGP 
3.1.1. Immobilizaton of ammonium sulphate fractionated BGP on 
Con A-Sephadex support 
Peroxidases isolated from bitter gourd by salt fractionation exhibited a specific 
activity of 99.0 EU/mg protein. This activity was 10.29 fold higher than the crude 
preparation. Con A-Sephadex support was prepared by incubating Sephadex with 
10% crude homogenate of jack bean meal. Sephadex G-50 adsorbed 17 mg of Con A 
per gm of the matrix. The obtained bioaffinity support was efficient in high yield 
immobilization of peroxidase from bitter gourd and it bound nearly 425 EU of BGP 
per gm of the matrix. BGP immobilized on lectin-Sephadex support showed very high 
effectiveness factor 'rj' of 1.25. 
3.2. STABILITY STUDIES OF SOLUBLE AND IMMOBILIZED BGP 
3.2.1 Effect of pH 
Figure 3 demonstrates pH-activity profiles of soluble and immobilized BGP. 
Con A-Sephadex bound BGP exhibited more broadening in pH-activity profile as 
compared to the native enzyme. Immobilized BGP retained greater fractions of 
enzyme activity on both sides of pH-optimum in comparison to free enzyme. pH-
optimum for immobilized BGP remained unchanged from pH 5.0 to 6.0. However, 
the soluble enzyme showed pH-optimum at pH 5.0. 
3.2.2. Effect of temperature 
The temperature-activity profiles of soluble and immobilized BGP are shown 
in Figure 4. Bioaffinity bound BGP exhibited a marginal broadening in temperature-
activity profile. Soluble and Con A-Sephadex bound BGP preparations exhibited 
same temperature optimum at 40 °C. However, Con A-Sephadex bound BGP retained 
greater fractions of enzyme activity on both sides of temperature-optimum compared 
to soluble enzyme. At higher temperatures, the immobilized BGP was significantly 
more stable than its soluble counterpart and retained more than 20% of the enzyme 
activity at 80 °C, while the soluble enzyme retained only 7% of its initial activity at 
the same temperature. 
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Figure 3 pH-activity profiles of soluble and immobilized BGP 
Soluble and immobilized BGP (1.33 EU/ml) were incubated in the 
buffers of various pH values (3.0-9.0) at 37 °C for 15 min. The buffers 
used were glycine-HCl (pH 3.0), sodium acetate (pH 4.0 and 5.0), 
sodium phosphate (pH 6.0-8.0) and Tris-HCl (pH 9.0). The molarity of 
each buffer was 100 mM. 
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Figure 4 Temperature-activity profiles of soluble and immobilized 
BGP 
Soluble and immobilized BGP (1.33 EU/ml) were assayed at various 
temperatures (30-80 °C) in 100 mM sodium acetate buffer, pH 5.6. 
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Soluble BGP incubated at 60 °C for 2 h retained only half of its initial enzyme 
activity while the immobilized enzyme incubated under similar experimental 
conditions was significantly more stable to heat inactivation. The immobilized BGP 
retained 85% of the original activity after 2 h of heat treatment (Figure 5). 
3.2.3. Effect of urea 
Figure 6 shows urea induced inactivation of soluble and Con A-Sephadex 
bound BGP. Con A-Sephadex bound BGP was more resistant to inactivation induced 
by 4.0 M urea compared to its soluble counterpart. Exposure of soluble enzyme with 
4.0 M urea for 2 h resulted in a loss of 52% activity whereas the immobilized enzyme 
retained more than 80% of the initial enzyme activity. 
3.2.4. Effect of trypsin 
The effect of increasing concentrations of trypsin (0.25-2.5 mg/ml) on the 
activity of soluble and immobilized BGP was investigated (Figure 7). The soluble and 
immobilized BGP activity was enhanced at low concentrations of trypsin as compared 
to the untreated preparation of BGP. The highest activation of soluble BGP was 
observed at 0.5 mg trypsin/ml while immobilized BGP was maximally activated at 
0.75 mg trypsin/ml. Soluble BGP was rapidly inactivated in the presence of increasing 
concentrations of trypsin and retained 60% of the initial activity after 1 h incubation 
with 2.5 mg trypsin/ml at 37 °C while the immobilized BGP was remarkably more 
stable against proteolysis mediated by trypsin. Immobilized BGP retained over 85% 
of the initial activity with similar treatment. 
In order to investigate the time dependent activation of soluble and 
immobilized BGP by the fixed concentration of trypsin, both preparations of BGP 
were incubated with 0.5 mg trypsin/ml for different time intervals (Figure 8). The 
activity of soluble enzyme was enhanced by 120% after 90 min incubation at 37 °C 
while the activity of immobilized BGP was increased by 140% after 2 h incubation at 
37 °C with trypsin. After prolonged exposure of soluble and immobilized BGP with 
trypsin, the soluble BGP showed a sharp decline in its activity while the immobilized 
BGP remained activated. 
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Figure 5 Thermal denaturation of soluble and immobilized BGP 
Soluble and immobilized BGP (1.33 EU/ml) were incubated at 60 °C 
for varying time intervals in 100 mM sodium acetate buffer, pH 5.6. 
After each incubation period the enzyme was quickly chilled in 
crushed ice for 5 min. The enzyme was brought to room temperature 
and then peroxidase activity was determined. 
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Figure 6 Effect of 4.0 M urea on soluble and immobilized BGP 
Soluble and immobilized BGP (1.33 EU/ml) were incubated with 4.0 
M urea for varying time intervals in 100 mM sodium acetate buffer, 
pH 5.6 at 37 °C. 
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Figure 7 Effect of trypsin concentration on soluble and immobilized 
BGP 
Soluble and immobilized BGP (1.33 EU/ml) were incubated with 
increasing concentrations of trypsin (0.25-2.5 mg/ml) in 100 mM 
sodium acetate buffer, pH 5.6 at 37 °C for 1 h. 
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Figure 8 Effect of fixed concentration of trypsin on soluble and 
immobilized BGP 
Soluble and immobilized BGP (1.33 EU/ml) were incubated with fixed 
concentration of trypsin (0.5 mg/ml) in 100 mM sodium acetate buffer, 
pH 5.6 at 37 °C for varying time intervals. 
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3.2.5. Effect of SDS (anionic detergent) 
Both soluble and immobilized enzyme preparations were activated at low 
concentrations of SDS (Figure 9). The immobilized BGP exhibited its maximum 
activation at 250 uM of SDS while the soluble BGP was maximally activated at 100 
uM of SDS. The soluble BGP exhibited a decrease in its activity when the SDS 
concentration was further increased beyond 100 uM. 
Figure 10 describes the effect of increasing concentrations of SDS (0.1-1.0%, 
w/v) on the activity of BGP. Pre-incubation of soluble and immobilized enzyme 
preparations with 1% (w/v) SDS for 1 h resulted in the loss of 58% and 19% of the 
original enzyme activity, respectively. 
3.2.6. Effect of Surf Excel and non-ionic detergents 
The effect of Surf Excel on the activity of soluble and immobilized BGP is 
shown in Figure 11. Soluble BGP was more sensitive to the Surf Excel exposure and 
lost nearly 90% enzyme activity after 1 h incubation with 1% (w/v) detergent. 
However, the immobilized BGP was markedly more resistant to inactivation induced 
by Surf Excel and retained over 76% of the initial activity. 
Table 3 summarizes the effect of increasing concentrations of Tween 20 and 
Triton X 100 (0.5-5%), v/v) on the activity of soluble and Con A-Sephadex bound 
BGP preparations. Immobilized BGP retained very high activity in the presence of 
5.0 % (v/v) of Triton X 100 and Tween 20 while soluble enzyme rapidly lost its 
activity. Immobilized BGP retained 75% of its original activity while soluble BGP 
lost 72% of its activity when treated with 5.0%o (v/v) of Tween 20. Soluble BGP lost 
57%) of its activity while the immobilized BGP lost only 19% of its original activity 
when treated with 5.0% (v/v) of Triton X 100. 
3.2.7. Effect of water-miscible organic solvents 
The effect of increasing concentrations of water miscible organic solvents (10-
60%», v/v) on the activity of soluble and immobilized BGP is shown in Table 4. The 
incubation of soluble and immobilized BGP with increasing concentrations of DMF 
resulted in the continuous loss of enzyme activity. However, the immobilized enzyme 
was more resistant to inactivation mediated by DMF. The treatment of soluble BGP 
with 60% (v/v) DMF for 1 h resulted in a loss of 45%) of the initial activity while the 
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Figure 9 Activation of soluble and immobilized BGP by SDS 
Soluble and immobilized BGP (1.33 EU/ml) were incubated with 
lower concentrations of SDS (25-500 uM) in 100 mM sodium acetate 
buffer, pH 5.6 at 37 °C for 1 h. 
49 
160-1 
150 
140 
130-
120 -
110 
100 
90-
80-
70-
60 -
50-
40-
30-
20-
10 -
0 -
•— Immobilized BGP 
Soluble BGP 
— i 1 1 1 1 1 1 1 1 1 1 — 
50 100 150 200 250 300 350 400 450 500 550 600 
SDSOiM) 
Steaulta 
Figure 10 Inactivation of soluble and immobilized BGP by SDS 
Soluble and immobilized BGP (1.33 EU/ml) were incubated with 
increasing concentrations of SDS (0.1-1.0%, w/v) in 100 mM sodium 
acetate buffer, pH 5.6 at 37 °C for 1 h. 
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Figure 11 Effect of Surf Excel on soluble and immobilized BGP 
Soluble and immobilized BGP (1.33 EU/ml) were incubated with 
increasing concentrations of Surf excel (0.1-1.0%, w/v) in 100 mM 
sodium acetate buffer, pH 5.6 at 37 °C for 1 h. 
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Table 3 
Effect of Tween 20 and Triton X 100 on soluble and immobilized BGP 
Detergent 
concentration 
(%, v/v) 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
Percent remaining activity 
Tween 20 
S-BGP 
40 
38 
37 
36 
35 
33 
31 
29 
27 
28 
I-BGP 
98 
98 
96 
93 
90 
88 
85 
79 
77 
75 
Triton X 100 
S-BGP 
61 
58 
50 
51 
49 
48 
46 
45 
44 
43 
I-BGP 
100 
99 
99 
94 
93 
90 
88 
86 
85 
81 
Soluble and immobilized BGP (1.33 EU/ml) were incubated with Triton X 100 and 
Tween 20 (0.5-5.0%, v/v) in 100 mM sodium acetate buffer, pH 5.6 at 37 °C for 1 h. 
Each value represents the mean of three independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Table 4 
Effect of DMF and DMSO on soluble and immobilized BGP 
Organic solvent 
(%, v/v) 
10 
20 
30 
40 
50 
60 
B 
S-BGP 
96 
87 
78 
72 
57 
55 
Percent remaining activity 
»MF 
I-BGP 
98 
95 
91 
88 
87 
86 
DMSO 
S-BGP 
95 
90 
86 
77 
67 
58 
I-BGP 
98 
95 
94 
92 
90 
90 
Soluble and immobilized BGP (1.33 EU/ml) were incubated with DMSO and DMF 
(10-60%, v/v) in 100 mM sodium acetate buffer, pH 5.6 at 37 °C for 1 h. 
Each value represents the mean of three independent experiments performed in 
duplicate, with average standard deviation < 5%. 
<;i 
SteutlU 
Con A-Sephadex bound BGP exhibited pronouncedly very high stabilization against 
similar treatment and retained more than 85% of its original activity. 
The exposure of soluble enzyme with varying concentrations of DMSO 
resulted in a loss of greater fraction of enzyme activity while the immobilized enzyme 
was more resistant to inactivation induced by DMSO. Exposure of immobilized 
enzyme preparation with 50% (v/v) DMSO for 1 h resulted in the marginal loss of 
10% of its activity. However, the soluble enzyme lost nearly 33% of its original 
activity with similar treatment. 
3.2.8. Storage stability of soluble and immobilized BGP 
Figure 12 demonstrates that the activity of soluble BGP decreased 
continuously when stored at 30-35 °C for over 40 days. At the end of the 40th day 
soluble enzyme activity was nearly 67% of the initial activity while the immobilized 
enzyme retained more than 90% of the original activity. 
3.3. TREATMENT OF DYES BY SOLUBLE BGP 
3.3.1. Treatment of textile dyes with varying concentrations of BGP 
Eight textile reactive dyes were treated with increasing concentrations of BGP 
(0.133-0.339 EU/ml) for 2 h at 37 °C (Table 5). The decolorization of Reactive Red 
120, Reactive Blue 4, Reactive Blue 160 and Reactive Blue 171 was continuously 
enhanced by adding increasing concentration of BGP. Reactive Blue 4 was 
completely decolorized with 0.399 EU of BGP/ml of reaction mixture. Reactive 
Orange 4, Reactive Orange 86, Reactive Red 11 and Reactive Yellow 84 were 
recalcitrant to the BGP action. 
3.3.2. Treatment of textile dyes by step-wise addition of BGP 
Four textile reactive dyes were treated by step-wise addition of 0.133 EU of 
BGP/ml of reaction mixture. The enzyme was added after every 1 h to the 
decolorizing solution. Each enzyme addition exhibited rapid disappearance of color 
(Figure 13). Reactive Blue 160 was completely decolorized after the addition of BGP 
at third step while Reactive Blue 4 was decolorized almost completely after the 
second enzyme addition. Reactive Blue 171 and Reactive Red 120 were decolorized 
by 56% and 39%, respectively after the third enzyme addition. However, Reactive 
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Figure 12 Storage stability of soluble and immobilized BGP 
Soluble and immobilized BGP preparations were incubated in 100 mM 
sodium acetate buffer, pH 5.6 at room temperature (30-35 °C) for over 
40 days. Appropriate and equal aliquots of both the BGP preparations 
were withdrawn in triplicate at the gap of 5 days and peroxidase 
activity was determined. 
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Table 5 
Treatment of textile dyes with increasing concentration of soluble BGP 
Name of the Dye 
Reactive Red 120 
Reactive Blue 171 
Reactive Blue 4 
Reactive Blue 160 
Reactive Orange 4 
Reactive Red 11 
Reactive Yellow 84 
Reactive Orange 86 
Percent dye decolonization 
0.133 EU/ml 
Minus 
HOBT 
8 
13 
48 
24 
0 
0 
0 
0 
Plus 
HOBT 
10 
20 
96 
71 
36 
34 
20 
38 
0.266 EU/ml 
Minus 
HOBT 
15 
23 
79 
70 
0 
0 
0 
0 
Plus 
HOBT 
22 
35 
100 
86 
77 
68 
67 
54 
0.399 EU/ml 
Minus 
HOBT 
28 
31 
99 
77 
0 
0 
0 
0 
Plus 
HOBT 
68 
74 
100 
98 
98 
80 
70 
78 
Each dye was incubated with increasing concentrations of BGP (0.133-0.399 EU/ml) 
in 100 mM sodium acetate buffer, pH 5.6 in the presence of 0.6 mM H2O2 for 2 h at 
37 °C. HOBT (1.0 mM) was used as a redox-mediator for the selected experiments. 
Each value represents the mean of three independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Figure 13 Treatment of textile dyes by step-wise addition of soluble 
BGP 
The dyes were prepared in 100 mM sodium acetate buffer, pH 5.6. 
BGP (0.266 EU/ml) was added to the dye solution after every one hour 
in the presence of 0.6 mM H202 at 37 °C. 
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Red 11, Reactive Orange 4, Reactive Orange 86 and Reactive Yellow 84 were 
recalcitrant to decolorization even after successive additions of BGP. 
3.3.3. Time dependent decolorization of textile dyes by BGP 
Eight textile reactive dyes were incubated with 0.266 EU of BGP/ml of 
reaction mixture for increasing time period. Out of eight only four dyes were 
decolorized on treatment with BGP for 1 h at 37 °C. Although more color 
disappeared when dyes were incubated for longer duration, the rate of decolorization 
was quite slow (Table 6). All the four dyes were decolorized with varying percentage 
(30-90%). The dyes were treated with 0.266 EU of BGP/ml of reaction mixture at 37 
°C for 4 h. The observed decolorization was 88% for Reactive Blue 4, 71% for 
Reactive Blue 160, 31% for Reactive Blue 171 and 28% for Reactive Red 120. Rest 
of the four dyes; Reactive Red 11, Reactive Orange 4, Reactive Orange 86 and 
Reactive Yellow 84 were fully recalcitrant to decolorization by BGP even after 4 h 
incubation under similar treatment conditions. 
3.3.4. Treatment of non-textile dyes 
Thirteen non-textile dyes were prepared in 100 mM sodium acetate buffer, pH 
5.6 and treated with 0.167 EU of BGP/ml of reaction mixture at 37 °C for 1 h. 
Carmine, Methyl Orange, Methylene Blue, Coomassie Brilliant Blue G-250, 
Rhodamine 6 G, Methyl Violet 6 B, 1:2 Naphthaquinone 4-Sulphonic acid and 
Martius Yellow were recalcitrant to decolorization by the BGP action or were slowly 
decolorized during the progress of the reaction (Table 7). Maximum decolorization 
achieved by partially purified BGP was 53% for Naphthalene Black-12B, 57% for 
Coomassie Brilliant Blue-R 250, 96% for Evans Blue, 51% for Eriochrome Black T 
and 86% for Celestine Blue. 
3.3.5. Treatment of dyes in the presence of redox-mediator 
Twenty-one textile and non-textile dyes were treated with BGP in the presence 
of 1.0 mM HOBT and 0.6 mM H202 at 37 °C (Tables 5 and 7). Presence of HOBT 
drastically enhanced the rate of decolorization of Reactive Orange 4, Reactive Red 11, 
Reactive Yellow 84 and Reactive Orange 86 which were recalcitrant to decolorization 
in the absence of HOBT. However, these dyes were decolorized by up to 98%, 80%, 
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Table 6 
Treatment of textile dyes with soluble BGP for varying times 
Name of the 
Dye 
Reactive 
Red 120 
Reactive 
Blue 171 
Reactive 
Blue 4 
Reactive 
Blue 160 
Reactive 
Orange 4 
Reactive 
Red 11 
Reactive 
Yellow 84 
Reactive 
Orange 86 
*» max 
(nm) 
511 
607 
595 
616 
489 
545 
414 
413 
Percent dye decolorization 
l h 
Minus 
HOBT 
7 
15 
78 
68 
0 
0 
0 
0 
Plus 
HOBT 
20 
22 
97 
68 
35 
34 
36 
25 
2h 
Minus 
HOBT 
15 
23 
79 
70 
0 
0 
0 
0 
Plus 
HOBT 
22 
35 
100 
86 
77 
68 
67 
54 
4h 
Minus 
HOBT 
28 
31 
88 
71 
0 
0 
0 
0 
Plus 
HOBT 
68 
78 
100 
100 
88 
81 
83 
78 
Each dye was incubated with fixed concentration of BGP (0.266 EU/ml) in 100 mM 
sodium acetate buffer, pH 5.6 at 37 °C in the presence of 0.6 mM H2O2 for varying 
time intervals (1,2 and 4 h). Decolorization was also performed in the presence of 1.0 
mM HOBT under other similar experimental conditions. 
Each value represents the mean of three independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Table 7 
Treatment of non-textile dyes by soluble BGP 
Name of the dye 
Carmine 
Methyl Orange 
Coomassie Brilliant Blue G 250 
Rhodamine 6 G 
Methylene Blue 
Naphthalene Black 12 B 
Evans Blue 
Methyl Violet 6 B 
Coomassie Brilliant Blue R 250 
1,2-Naphthaquinone 4-Sulphonic 
Acid 
Eriochrome Black T 
Celestine Blue 
Martius Yellow 
k
 max (nm) 
514 
464 
585 
525 
664 
617 
607 
580 
553 
357 
503 
642 
433 
Percent dye decolorization 
Minus HOBT 
0 
1 
3 
4 
1 
53 
96 
7 
57 
5 
51 
86 
3 
Plus HOBT 
95 
100 
88 
100 
95 
96 
98 
92 
99 
7 
92 
89 
18 
Each dye was incubated with BGP (0.167 EU/ml) in 100 mM sodium acetate buffer, 
pH 5.6 for 1 h at 37 °C in the presence of 0.6 mM H202. HOBT (1.0 mM) was used as 
a redox-mediator. Each value represents the mean of three independent experiments 
performed in duplicate, with average standard deviation < 5%. 
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70% and 78%, respectively by the action of 0.399 EU of BGP/ml of reaction mixture 
in the presence of 1.0 mM HOBT at 37 °C for 2 h. Non-textile dyes, e.g. Carmine, 
Methyl Orange, Coomassie Brilliant Blue G 250, Rhodamine 6 G, Methylene Blue 
and Methyl Violet 6 B, which were recalcitrant to decolorization by BGP in the 
absence of HOBT, were completely decolorized in the presence of 1.0 mM HOBT. 
However, 1,2-Naphthaquinone 4-Sulphonic acid was recalcitrant to decolorization 
even in the presence of HOBT. 
3.3.6. Spectral analysis of Reactive Blue 160 and Rhodamine 6 G 
The spectral analysis of Reactive Blue 160 and Rhodamine 6 G before and 
after treatment with BGP in the presence and absence of 1.0 mM HOBT is shown in 
Figure 14. These spectra indicate the disappearance of absorption peaks in both the 
UV and the visible regions in the presence and absence of HOBT. However, the 
decrease in the peaks in both the regions was significantly greater when the dyes were 
treated in the presence of HOBT. 
3.3.7. Treatment of mixtures of dyes with BGP 
Various mixtures of dyes were treated in the presence of 1.0 mM HOBT and it 
was observed that each mixture was decolorized to a significant level (Table 8). All 
the mixtures were decolorized by more than 80%. 
3.4. TREATMENT OF DYES BY SOLUBLE AND IMMOBILIZED BGP 
3.4.1. Effect of pH 
Reactive textile dyes were maximally decolorized in the range of pH 3.0-4.0. 
As pH of the decolorizing sample was increased up to pH 6.0, the rate of 
decolorization of all the reactive dyes decreased. However, at pH 7.0 abrupt increase 
in dye decolorization was observed. At pH 4.0 and 7.0 the dye decolorization by 
immobilized BGP was slightly higher than its soluble counterpart. However, at pH 3.0 
the percent dye decolorization by both the preparations of BGP was the same (Table 
9). 
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Figure 14 UV-visible absorption spectra of Reactive Blue 160 (A) and 
Rhodamine 6 G (B) before and after treatment with soluble BGP in the 
presence and absence of HOBT 
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Table 8 
Decolorization of mixtures of dyes by soluble BGP 
Mixture of dyes 
Reactive Blue 160 + Reactive Blue 171 + 
Reactive Yellow 84 + Reactive Red 11 
Reactive Red 120 + Reactive Orange 86 + 
Reactive Orange 4 + Reactive Blue 4 
Reactive Blue 160 + Reactive Orange 86 + 
Methyl Orange + Methyl Violet 6 B 
Reactive Red 120 + Reactive Yellow 84 + 
Methylene Blue + Rhodamine 6 G 
Carmine + Eriochrome Black T + Methylene 
Blue 
Methyl Violet 6 B + Celestine Blue + Methyl 
Orange 
X, max (nm) 
551 
507 
443 
510 
516 
465 
Percent dye 
decolorization 
90 
80 
81 
81 
83 
95 
The mixtures of dyes were treated with BGP (0.266 EU/ml) in 100 mM sodium 
acetate buffer, pH 5.6 in the presence of 0.6 mM H2O2 and 1.0 mM HOBT for 1 h at 
37 °C. 
Each value represents the mean of three independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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3.4.2. Effect of temperature 
Effect of different temperatures (30-80 °C) on the rate of dye decolorization 
by soluble and immobilized BGP was monitored. Table 10 shows that the 
decolorization of dyes was maximum at 40 °C in case of all the dyes. Above and 
below this temperature, the rate of decolorization was decreased. At lower 
temperatures there was no significant difference in the dye decolorization by soluble 
and immobilized BGP but at higher temperatures the color removal was much greater 
in immobilized enzyme treated samples. 
3.4.3. Treatment of mixtures of dyes 
Mixtures of three, four and eight dyes were treated with soluble and 
immobilized BGP. Table 11 illustrates that all the mixtures of dyes were significantly 
decolorized by immobilized BGP while the soluble BGP could decolorize the 
mixtures to a much lesser extent. 
3.4.4. Treatment of dyeing effluent in a stirred batch process 
Dyeing effluent, after appropriate dilution, was subjected to treatment with 
soluble and immobilized preparations of BGP. Treatment of the dye effluent with 
soluble and immobilized BGP in a stirred batch process resulted in a significant loss 
of color (Table 11). The immobilized BGP decolorized 95% of the dyeing effluent 
while the soluble BGP could decolorize only 48% of the dyeing effluent under similar 
treatment conditions. The disappearance of color was followed by insoluble 
precipitate formation. 
3.4.5. TOC analysis of dyes and mixtures of dyes 
Soluble and immobilized BGP treated reactive dyes resulted in the formation 
of insoluble product which was removed by centrifugation. The TOC content of dyes 
and mixtures of dyes is given in Tables 12 and 13, respectively. As compared to the 
control the level of TOC decreased in both the soluble and immobilized BGP treated 
samples. However, the immobilized BGP treated dye solutions exhibited significant 
loss of TOC from the solution. 
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Table 11 
Decolorization of mixtures of textile dyes and the dyeing effluent by 
soluble and immobilized BGP 
Mixture of reactive dyes 
Reactive Blue 160+ Reactive 
Orange86+ Reactive Orange 4 
Reactive Blue 171 + Reactive Yellow 
84 + Reactive Red 11 
Reactive Blue 160 + Reactive Blue 
171 + Reactive Orange 86 + Reactive 
Yellow 84 
Reactive Orange 4 + Reactive Red 11 
+ Reactive Red 120+ Reactive Blue 4 
Reactive Blue 160 + Reactive Blue 
171 + Reactive Orange 86 +Reactive 
Yellow 84+Reactive Orange 4 + 
Reactive Red 11 + Reactive Red 120 
+ Reactive Blue 4 
Dyeing effluent 
X,max (nm) 
486 
546 
612 
512 
515 
630 
Percent dye decolorization 
S-BGP 
25 
35 
35 
39 
41 
48 
I-BGP 
75 
73 
77 
84 
79 
95 
Each mixture of dyes was incubated with soluble and immobilized BGP (0.25 EU/ml) 
in 100 mM glycine-HCl buffer, pH 3.5 in the presence of 0.75 mM H202 at 37 °C for 
1 h. Dyeing effluent (200 ml) was treated with soluble and immobilized BGP (25 EU) 
in the presence of 0.75 mM H202 for 8 h at room temperature (30 °C) under stirring 
conditions. 
Each value represents the mean of three independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Table 12 
Removal of TOC from textile dyes by soluble and immobilized BGP 
Name of reactive dyes 
Reactive Blue 4 
Reactive Blue 160 
Reactive Blue 171 
Reactive Red 11 
Reactive Red 120 
Reactive Orange 4 
Reactive Orange 86 
Reactive Yellow 84 
TOC content (ppm) 
Control 
183 
181 
185 
193 
195 
215 
180 
197 
S-BGP 
83 
65 
64 
78 
83 
96 
73 
80 
I-BGP 
46 
58 
57 
40 
29 
34 
45 
42 
Each dye was incubated with soluble and immobilized BGP (0.25 EU/ml) in 100 mM 
glycine-HCl buffer, pH 3.5 for over 12 h at 37 °C in the presence of 0.75 mM H202. 
Each value represents the mean of three independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Table 13 
Removal of TOC from mixtures of textile dyes and the dyeing effluent by 
soluble and immobilized BGP 
Mixture of reactive dyes 
Reactive Blue 160+ Reactive 
Orange 86 +Reactive Orange 4 
Reactive Blue 171 + Reactive 
Yellow 84 + Reactive Red 11 
Reactive Blue 160 + Reactive Blue 
171 + Reactive Orange 86 + 
Reactive Yellow 84 
Reactive Orange 4 + Reactive Red 
11 + Reactive Red 120 + Reactive 
Blue 4 
Reactive Blue 160 + Reactive Blue 
171 + Reactive Orange 86 + 
Reactive Yellow 84 +Reactive 
Orange 4 + Reactive Red 11 + 
Reactive Red 120 + Reactive Blue 4 
Dyeing effluent 
TOC content (ppm) 
Control 
174 
161 
181 
186 
210 
75 
S-BGP 
109 
70 
65 
83 
125 
68 
I-BGP 
96 
35 
27 
43 
49 
39 
Each mixture of dyes was incubated with soluble and immobilized BGP (0.25 EU/ml) 
in 100 mM glycine-HCl buffer, pH 3.5 for over 12 h at 37 °C in the presence of 0.75 
mM H2O2. The dyeing effluent was treated with soluble and immobilized BGP (25 
EU). 
Each value represents the mean of three independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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3.4.6. Spectral analysis of dye mixtures and dyeing effluent 
In order to confirm the removal of aromatic compounds from the BGP treated 
wastewater, some spectral analysis was performed. The wastewater containing 
mixtures of four and eight reactive textile dyes, treated with soluble and immobilized 
BGP, resulted in a significant loss of color from solution in visible as well as in UV 
regions. Spectral analysis of treated dyeing effluent exhibited a marked loss of 
aromatic compounds as the peaks in UV and visible regions were remarkably 
decreased (Figure 15). It was observed in all the three spectra that the decrease in the 
absorption peaks, in UV as well as in visible regions, was greater in the case of 
immobilized BGP treated mixtures and dyeing effluent. 
3.4.7. Reusability of immobilized BGP 
The reusability of Con A Sephadex bound BGP in the decolorization of 
reactive textile dyes is shown in Table 14. The dye decolorizing reusability was 
continuously decreased up to the 10th use of the same preparation. The decolorization 
efficiency in successive uses of the immobilized BGP preparation was different in 
case of different dyes. 
3.5. TREATMENT OF PHENOLS BY SOLUBLE AND IMMOBILIZED 
BGP 
3.5.1. Effect of H 20 2 
The effect of increasing concentrations of H2O2 (0.15-1.5 mM) on the removal 
of phenol by soluble BGP is shown in Figure 16. The rate of phenol removal was 
continuously increased with increasing concentrations of H2O2. The increase in the 
phenol removal was observed till 0.75 mM H2O2 and beyond this concentration there 
was no further increase in phenol removal. The phenol removal was maximum in 0.75 
mM of H2O2 and it remained almost unchanged till 1.20 mM of H2O2. As the 
concentration of H2O2 was further increased a slow decline in the phenol removal was 
observed. 
3.5.2. Effect of pH 
Table 15 describes the role of pH on the removal of phenols (phenol, pCP, 
2,4-DCP, 2,6-DCP) by soluble and immobilized BGP. Most of the phenols studied 
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Figure 15 Absorption spectra of mixture of four (A) and eight (B) reactive textile 
dyes, and dyeing effluent (C) before and after treatment with soluble 
and immobilized BGP 
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Table 14 
Reusability of immobilized BGP in the decolorization of textile dyes 
Name of dyes 
Reactive Blue 4 
Reactive Blue 160 
Reactive Blue 171 
Reactive Red 11 
Reactive Red 120 
Reactive Orange 4 
Reactive Orange 86 
Reactive Yellow 84 
Percent dye decolorization 
Number of Uses 
1 
96 
98 
97 
81 
90 
72 
92 
88 
2 
87 
96 
97 
79 
94 
70 
90 
88 
3 
81 
89 
87 
74 
86 
68 
84 
83 
4 
74 
77 
79 
70 
75 
63 
79 
78 
5 
67 
67 
70 
66 
70 
60 
73 
74 
6 
62 
60 
59 
59 
61 
57 
67 
73 
7 
55 
52 
56 
55 
56 
50 
61 
71 
8 
51 
37 
49 
47 
52 
46 
54 
65 
9 
47 
30 
41 
34 
44 
39 
45 
56 
10 
41 
25 
37 
23 
36 
35 
40 
51 
Each dye was incubated with immobilized BGP (0.25 EU/ml) in 100 mM glycine-
HC1 buffer, pH 3.5 at 37 °C for 1 h. After the incubation period the enzyme was 
separated by centrifugation and stored in the assay buffer for over 20 h at 4 °C. This 
experiment was repeated 10 times with the same aliquot of immobilized BGP and 
each time with a fresh batch of dye. 
Each value represents the mean of three independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Table 15 
Effect of pH on phenol treatment by soluble and immobilized BGP 
pH 
3 
4 
5 
6 
7 
8 
9 
Percent phenol removal 
pCV 
S-BGP 
1 
22 
72 
90 
79 
19 
5 
I-BGP 
5 
30 
83 
96 
87 
23 
6 
2,4-DCP 
S-BGP 
4 
17 
33 
44 
41 
7 
5 
I-BGP 
11 
24 
46 
58 
52 
14 
17 
2,6-DCP 
S-BGP 
6 
18 
56 
66 
52 
22 
11 
I-BGP 
12 
26 
61 
73 
58 
30 
18 
Phenol 
S-BGP 
3 
20 
64 
76 
58 
18 
2 
I-BGP 
8 
26 
71 
92 
67 
22 
5 
Each phenol was treated with soluble and immobilized BGP (0.25 EU/ml) in the 
buffers of different pH values (3.0-9.0). The reaction was initiated by adding H2O2 to 
a final concentration of 0.75 mM and incubated for 1.5 h at 37 °C. 
Each value represents the mean of three independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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were removed over the pH range 4.0-8.0. The soluble and immobilized preparations 
of BGP maximally removed phenol at pH 6.0. However, the immobilized BGP was 
capable of removing higher percentage of phenols over a wide range of pH values as 
compared to soluble BGP. 
3.5.3. Effect of temperature 
The effect of temperature on the treatment of phenols (phenol and 2,6-DCP) 
by soluble and immobilized BGP was studied (Table 16). Maximum removal of 
phenol and 2,6-DCP was observed at 40 °C. Soluble BGP could remove only 2% and 
3% of 2,6-DCP and phenol, respectively at 80 °C whereas the immobilized enzyme 
was capable of removing 24% of 2,6-DCP and 28% of phenol at 80 °C under similar 
experimental conditions. At other temperatures also immobilized BGP was more 
effective in removing higher concentration of 2,6-DCP and phenol than the soluble 
enzyme. 
3.5.4. Treatment of various phenols 
Table 17 illustrates the treatment of fourteen different phenols (1.0 mM) with 
soluble and immobilized BGP. Phenol, quinol, pCP, 2,4-DCP, 2,6-DCP were 
significantly converted into oligomeric/polymeric complexes. Pyrogallol and 
phloroglucinol were completely recalcitrant to BGP action. However, benzyl alcohol, 
/?-nitrophenol, cc-naphthol, /w-cresol, catechol, resorcinol and guaiacol were 
marginally converted into colored complex. The immobilized BGP preparation was 
more effective in converting higher percentage of all the used phenols into oligomeric 
and polymeric form than the soluble BGP. 
3.5.5. Treatment of mixtures of phenols 
Table 18 summarizes the treatment of five different mixtures of phenols by 
soluble and immobilized BGP. Immobilized BGP preparation was capable of 
removing higher percentage of phenols as compared to soluble enzyme from all the 
mixtures. Mixtures A and B were more efficiently transformed by the action of 
immobilized BGP while the mixtures C, D and E were transformed to a lesser extent. 
In order to confirm the removal of aromatic compounds from the BGP treated 
wastewater spectral analysis of mixture of phenols were also performed in UV region. 
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Table 16 
Effect of temperature on phenol treatment by soluble and immobilized 
BGP 
Temperature 
(°C) 
20 
30 
40 
50 
60 
70 
80 
Percent phenol removal 
2,6-DCP 
S-BGP 
24 
45 
65 
47 
30 
13 
2 
I-BGP 
40 
62 
74 
60 
51 
37 
24 
Phenol 
S-BGP 
21 
53 
77 
54 
42 
25 
3 
I-BGP 
40 
77 
92 
61 
57 
47 
28 
Phenol and 2,6-DCP were treated independently with soluble and immobilized BGP 
(0.25 EU/ml) in 100 raM sodium acetate buffer, pH 5.6 at various temperatures (20-
80 °C). The reaction was initiated by adding H2O2 to a final concentration of 0.75 mM 
and incubated for 1.5 h. 
Each value represents the mean of three independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Table 17 
Treatment of phenols by soluble and immobilized BGP 
Phenols 
Benzyl alcohol 
Quinol 
/Miitrophenol 
a-naphthol 
2,6-DCP 
2,4-DCP 
m-cresol 
Catechol 
Resorcinol 
Phenol 
Guaiacol 
pCP 
Pyrogallol 
Phloroglucinol 
Percent phenol removal 
S-BGP 
10 
38 
13 
27 
64 
40 
4 
32 
11 
79 
22 
92 
0 
0 
I-BGP 
25 
52 
26 
40 
72 
55 
11 
45 
18 
94 
26 
96 
0 
0 
Each phenol was treated with soluble and immobilized BGP (0.25 EU/ml) in 100 raM 
sodium acetate buffer, pH 5.6. The reaction was initiated by adding H2O2 to a final 
concentration of 0.75 raM and incubated for 1.5 h at 37 °C. 
Each value represents the mean of three independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Table 18 
Treatment of mixtures of phenols by soluble and immobilized BGP 
Name of 
mixture 
A 
B 
C 
D 
E 
Composition of Mixtures 
Phenol + 2,6-DCP + 2,4-DCP +pC? 
Quinol + catechol + guaiacol + a-naphthol 
/?-nitrophenol + resorcinol + benzyl alcohol + m-cresol 
2,4-DCP +pCP + quinol + a-naphthol +/?-nitrophenol 
Phenol + 2,6-DCP + catechol + guaiacol + w-cresol + 
resorcinol 
Percent phenol 
removal 
S-BGP 
32 
19 
13 
18 
12 
I-BGP 
47 
49 
32 
33 
35 
Each mixture of phenols was incubated with soluble and immobilized BGP (0.25 
EU/ml) for 1.5 h at 37 °C in the presence of 0.75 mM H202. 
Each value represents the mean of three independent experiments performed in 
duplicate, with average standard deviation < 5%. 
78 
Immobilized BGP treated mixtures exhibited significantly higher percentage of 
phenol removal than the soluble BGP as evident from the UV spectra (Figure 17). 
3.5.6. TOC analysis of phenols 
Fourteen different phenols were independently treated with soluble and 
immobilized BGP (Table 19). After treatment, the colored complex formed was 
removed by activated DEAE cellulose-11 (1 mg/ml). Removal of TOC was observed 
in all the phenols except pyrogallol and phloroglucinol. A marked removal of TOC 
was observed from the immobilized BGP treated phenol and chlorinated phenols. It 
was observed that immobilized BGP treated phenols exhibited loss of greater fraction 
of TOC as compared to their soluble counter part. The results are in agreement with 
those obtained by spectrophotometric analysis (3.5.4). 
3.5.7. TOC analysis of mixtures of phenols 
Mixtures of different phenols were treated with soluble and immobilized BGP 
(Table 20). After treatment, the colored complex formed was removed by activated 
DEAE cellulose-11 (1 mg/ml). Immobilized BGP treated phenol mixtures exhibited 
significant loss of TOC from the solution. Maximum TOC removal was observed 
from mixtures A and B whereas TOC from the mixtures C, D and E was removed to 
a lesser extent. 
3.5.8. Removal of 2,4-DCP in a stirred batch process 
Figure 18 demonstrates the removal of 2,4-DCP after treatment with soluble 
and immobilized BGP in a stirred batch process. After 3 h incubation, 66% of 2,4-
DCP removal by soluble BGP was recorded. Further incubation with soluble BGP had 
no effect on the removal of phenol. In the case of immobilized BGP treated 2,4-DCP, 
the decrease in the phenol concentration was observed up to 8 h from the initiation of 
the reaction. The treatment of 2,4-DCP with immobilized BGP for 8 h resulted in a 
significant loss of 98% phenol from the wastewater. 
3.5.9. Removal of mixture of phenols in a stirred batch process 
High percentage of phenolic mixture was transformed into oligomeric product 
when treated with soluble and immobilized BGP in a stirred batch process (Figure 
19). After 8 h of incubation 70% of phenol removal was observed from the soluble 
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Figure 17 UV spectra of different mixtures, of phenols before and after treatment 
with soluble and immobilized BGP 
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Table 19 
Removal of TOC from phenols by soluble and immobilized BGP 
Phenols 
Benzyl alcohol 
Quinol 
/j-nitrophenol 
a-naphthol 
2,6-DCP 
2,4-DCP 
m-cresol 
Catechol 
Resorcinol 
Phenol 
Guaiacol 
pC? 
Pyrogallol 
Phloroglucinol 
Percent TOC removal 
S-BGP 
14 
36 
16 
26 
58 
29 
5 
28 
8 
79 
23 
90 
0 
0 
I-BGP 
23 
51 
29 
41 
70 
54 
13 
43 
21 
93 
25 
96 
0 
0 
Each phenol was treated as described in the text. After treatment the reaction mixture 
was incubated with activated DEAE cellulose-11 for 2 h at 37 °C with constant 
stirring. The colored product, adsorbed on the activated DEAE cellulose-11, was 
separated from the reaction mixture by centrifugation. The clear supernatant was 
filtered through Whatman-1 filter paper and TOC content was determined. 
Each value represents the mean of three independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Table 20 
Removal of TOC from mixtures of phenols by soluble and immobilized 
BGP 
Name of 
Mixture 
A 
B 
C 
D 
E 
Composition of Mixtures 
Phenol + 2,6-DCP + 2,4-DCP +pC? 
Quinol + catechol + guaiacol + ct-naphthol 
p-nitrophenol + resorcinol + benzyl alcohol + 
w-cresol 
2,4-DCP + pC? + quinol + a-naphthol + 
/?-nitrophenol 
Phenol + 2,6-DCP + catechol + guaiacol + /w-cresol 
+ resorcinol 
Percent TOC 
removal 
S-BGP 
35 
15 
15 
15 
14 
I-BGP 
53 
45 
37 
31 
39 
Each mixture of phenols was treated as described in the text. After treatment the 
reaction mixture was incubated with activated DEAE cellulose-11 for 2 h at 37 °C 
with constant stirring. The colored product, adsorbed on the activated DEAE 
cellulose-11, was separated from the reaction mixture by centrifugation. The clear 
supernatant was filtered through Whatman-1 filter paper and TOC content was 
determined. 
Each value represents the mean of three independent experiments performed in 
duplicate, with average standard deviation < 5%. 
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Figure 18 Removal of 2,4-DCP in a stirred batch process by soluble and 
immobilized BGP 
2,4-DCP (1.0 mM) was treated with soluble and immobilized BGP 
(100 EU) independently in the presence of 0.75 mM H2O2 for over 8 h 
at 37 °C with constant stirring. Aliquots were taken out from both the 
containers at varying time intervals and analyzed for the remaining 
phenol concentration. 
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Figure 19 Removal of mixture of phenols in a stirred batch process by 
soluble and immobilized BGP 
Mixture of four phenols (phenol, /?CP, 2,4-DCP and 2,6-DCP) was 
treated with soluble and immobilized BGP (100 EU) independently 
in the presence of 0.75 mM H2O2 for over 8 h at 37 °C with constant 
stirring. Aliquots were taken out from both the containers at varying 
time intervals and analyzed for the remaining phenol concentration. 
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BGP treated phenolic mixture while 98% removal of phenol was recorded when the 
mixture was treated with immobilized BGP under similar experimental conditions. 
3.5.10. Release of chloride ions from 2,6-DCP by immobilized BGP 
Figure 20 shows the concentration of chloride ions released from 2,6-DCP 
during the enzymatic treatment. The concentration of released chloride ions was 58 
ppm after 1 h incubation with the immobilized BGP. However, the release of chloride 
ions was very fast at the start of the reaction with the concentration of the chloride 
ions reaching 40 ppm after 5 min of the start of the reaction. 
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Figure 20 Release of chloride ions from 2,6-DCP by immobilized BGP 
2,6-DCP was treated with immobilized BGP (0.25 EU/ml) in 100 mM 
sodium acetate buffer, pH 5.6. The reaction was initiated by adding 
H2O2 to a final concentration of 0.75 mM and incubated for 1.0 h at 37 
°C. Aliquots from the reaction mixture were taken at different time 
intervals and concentration of free chloride ions was determined. 
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There is a growing demand for unique, catalytically efficient, substrate 
specific enzyme based bioreactors which have been extensively used in 
bioremediation processes and environmental analysis. Most enzyme applications 
necessitate homogenous or at least reasonably pure preparations that tend to be 
expensive. Recovery, reuse and stabilization of the enzymes in harsh environmental 
conditions to which they are exposed during operation therefore becomes obligatory 
in order to make the transformations and analysis cost effective. 
The well established enzyme immobilization technology offers a broad 
spectrum of strategies to stabilize enzymes and a judicious choice amongst these is 
likely to enhance the performance of any given enzyme (Gianfreda and Scarfi, 1991; 
Gemeiner et al, 1994). While interest in irreversible and covalent methods of enzyme 
immobilization continues, bioaffmity based procedures are gaining remarkable 
attention especially in analytical and industrial applications (Mattiasson, 1988; 
Saleemuddin and Husain, 1991; Phelps et al, 1994). Bioaffmity based immobilization 
procedures offer several advantages over conventional immobilization techniques like 
ready reversibility, and thus the possibility of reuse of the support, simple and mild 
conditions required during the immobilization process and above all, the possibility of 
immobilizing the protein in an oriented fashion, yielding preparation of high activity 
and stability. The specific interaction between avidin-biotin, lectins-
carbohydrates/glycoprotein, antigen-antibody, etc. form the basis for the bioaffmity 
based immobilization procedures (Saleemuddin, 1999; Turkova et al, 1999). 
Several bioaffmity based procedures have already been developed for the 
immobilization of a large number of glycoenzymes by using lectin supports 
(Saleemuddin and Husain, 1991; Saleemuddin, 1999). In the present study an effort 
has been made to develop a high yield and stable immobilized preparation of BGP by 
using Con A bound Sephadex as a bioaffmity support. It is well documented that 
Sephadex can be used for the affinity based purification of Con A from the jack bean 
meal extract (Saleemuddin and Husain, 1991; Dam et al, 2000). 
In a recent study, peroxidase from bitter gourd was purified to electrophoretic 
homogeneity by combining consecutive treatment of ammonium sulphate 
fractionation, ion exchange chromatography, gel filtration and affinity 
chromatography on Con A-Sepharose (Ou et al, 2003). In the present study, 
precipitation of BGP was achieved by incubating the ammonium sulphate fractionated 
proteins of bitter gourd with Con A extracted from jack bean meal. The obtained 
87 
Sfbaudion 
precipitate expressed very high peroxidase activity, thus further confirming the 
glycoproteinic nature of BGP (data not given). Due to the glycoproteinic nature of 
BGP, it could be immobilized on Con A-Sephadex support directly from the 
ammonium sulphate fractionated proteins of bitter gourd. The high effectiveness 
factor (r|) of immobilized BGP suggested that immobilized preparation was quite 
porous and effective in catalysis. Moreover, the immobilization yield was quite 
superior over other methods used for the immobilization of peroxidases (Husain et al, 
1992; Huang et al, 2003; Wu and Choi, 2004). 
Con A-Sephadex bound BGP preparation had pronounced stability against the 
denaturation induced by pH, heat, urea, proteolysis, detergents and water-miscible 
organic solvents (Figures 3-11, Tables 3 and 4). Several earlier reports have described 
that the immobilization of glycoenzymes on Con A support resulted in the 
stabilization of enzymes against various forms of denaturations (Gemeiner et al, 
1998; Saleemuddin, 1999; Mislovicova et al, 2000). Protease resistance was an 
additional attribute to the bioaffinity-based immobilization of BGP. The high stability 
of immobilized BGP preparation against various denaturing agents made Con A-
Sephadex bound BGP more useful for the treatment of organic pollutants present in 
industrial effluents. 
Peroxidase from other sources could not be exploited at large scale for the 
treatment of wastewater due to their low stability against different forms of 
denaturations (Flock et al, 1999; Ghioureliotus and Nicell, 1999). For example, HRP, 
the most commonly studied plant peroxidase, was rapidly inactivated at higher 
temperatures (Miland et al, 1996). Thus peroxidases have limited use for the 
bioremediation of industrial wastes on a large scale. BGP offers several advantages 
over peroxidases from other sources (Blinkovsky et al, 1994; McEldoon et al, 1995). 
It has remarkably high thermal stability, being active at higher temperatures where 
most of the peroxidases are denatured (McEldoon and Dordick, 1996). Furthermore, 
we have observed that BGP was significantly more stable than the well-studied HRP 
against various forms of denaturations, e.g. pH, heat, urea, proteolysis, detergents and 
water-miscible organic solvents (data not given). 
Several detergents used in every household and laundry normally flow in the 
municipal wastewater. The wastewater can be mixed with the effluent coming out of 
the industries. The presence of such detergents can affect the structure and activity of 
enzymes used for the treatment of aromatic pollutants. Therefore, the investigation of 
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the effect of such compounds on the activity of enzyme becomes necessary prior to 
their final use in the treatment of polluted water. Con A-Sephadex bound BGP was 
quite resistant against denaturation induced by detergents such as SDS (anionic), 
Triton X 100 and Tween 20 (non-ionic) and Surf Excel. Lower concentrations of SDS 
enhanced the activity of soluble and immobilized BGP thus making the enzyme to 
work more efficiently in its presence (Figure 9). Presence of lower concentrations of 
Triton X 100 and Tween 20 also enhanced the activity of soluble and immobilized 
BGP and in this case the extent of activation was much higher than the activation 
caused by SDS (data not given). The apparent increase in the activity of BGP could 
have resulted from a number of factors; the exposure of the active site could be 
increased by small amounts of the detergents, allowing increased access for the 
substrates. The solubility of the enzyme would be increased in the presence of 
detergents, which would in turn increase the amount of enzyme available for 
catalyzing the reaction. A decrease in aggregates of the enzyme would also cause this 
increase in activity. Partitioning of the products into the detergent micelles is also a 
possibility, leading to an increased rate of reaction due to product removal and hence 
higher activity. Flock et al. (1999) reported more than three fold increase in the 
activity of soybean peroxidase when the enzyme was treated with 0.1% (w/v) of SDS 
and Tween 20. Triton X 100 enhanced the activity by over two fold. Our observations 
indicated that at higher concentrations of the detergents, the immobilized BGP 
exhibited remarkably high stability than its soluble counterpart (Figures 10 and 11, 
and Table 3). 
Organic solvents are also very common pollutants along with the aromatic 
compounds, and their presence can affect the activity of the enzyme (van Erp et al, 
1991; Bogdanovskaya et al, 2002). In view of their presence in wastewater it is of 
interest to investigate the stability of these enzymes in the presence of organic 
solvents. The Con A-Sephadex bound BGP was markedly more stable against the 
exposure to DMSO and DMF (Table 4). There have been reports that immobilization 
of enzymes by multipoint attachment protected them from denaturation induced by 
organic solvents in cosolvent mixtures (Mozhaev et al, 1990; Batra and Gupta, 
1994a; Fernandez-Lafuente et al, 1995). Batra and Gupta (1994b) have described that 
potato polyphenol oxidase adsorbed on chitin behaved differently compared to soluble 
enzyme in aqueous-organic cosolvent mixtures. Moreover, they have evaluated that 
enzymes polyphenol oxidase, peroxidase, trypsin and acid phosphatase showed 
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enhancement in enzyme activity within a specific concentration range of water-
miscible organic solvents. Enzyme immobilized by adsorption on Eudragit S-100, 
chitin and chitosan exhibited enhanced activity in organic cosolvent mixtures when 
the concentration of the organic solvent was around 10-20% (v/v) (Batra et al, 1997). 
Recently, some investigators have shown that enzymes immobilized on protein 
supports were also quite resistant to denaturation induced by various water-miscible 
organic solvents (Jan et al, 2001; Jan and Husain, 2004; Jan et al, 2005, Khan et al, 
2005). 
Apart from other applications, the use of peroxidases in decolorization of dyes 
is now well established (Bhunia et al, 2001; Shaffiqu et al, 2002). Here we have 
reported for the first time the applications of partially purified BGP in the 
decolorization of twenty-one dyes, with a wide spectrum chemical groups, currently 
being used by the textile and other important industries. In order to reduce the cost of 
the wastewater treatment, simple ammonium sulphate precipitated peroxidase from 
bitter gourd was taken for the treatment of dyes present in the polluted wastwater. The 
peroxidase from bitter gourd proved to be an effective enzyme for the decolorization 
of dyes. The dye solutions were found to be stable upon exposure to H2O2 alone or to 
the enzyme alone. Thus, the dye removal was a result of H202-dependent enzymatic 
reaction, possibly involving free-radical formation followed by polymerization and 
precipitation (Bhunia et al, 2001). Four out of the eight investigated textile reactive 
dyes were decolorized by the action of BGP. The rate of dye decolorization was 
dependent on the concentration of the enzyme and the time of incubation (Table 5 and 
6, Figure 13). 
Bourbonnais and Paice (1990) described for the first time the use of redox 
mediators by allowing laccase to oxidize non-phenolic compounds thereby expanding 
the range of substrates that can be oxidized by this enzyme. The mechanism of action 
of laccase-mediator system has been extensively studied (Soares et al, 2001a; 2001b). 
More than 100 possible redox mediator compounds have already been described, but 
the most commonly used are still ABTS and HOBT (Johannes and Majcherczyk, 
2000). Several workers have demonstrated that the use of redox mediator-enzyme 
system enhanced the rate of dye decolorization by several folds but these mediators 
were required in very high concentrations (5.7 mM violuric acid/laccase system, 11.6 
mM of HOBT/laccase system) (Soares et al, 2001a; 2001b; Claus et al, 2002). 
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Here an attempt has been made to investigate the decolorization of dyes by 
BGP in the presence of low concentrations of HOBT (1.0 mM). The peroxidase-
HOBT system enhanced the decolorization of aromatic dyes by 2-100 fold. Earlier 
reports have demonstrated the use of free radical mediators for the enhancement in 
laccase activity (Reyes et al, 1999; Soares et al, 2001a; 2001b; Claus et al, 2002). 
However, in the present study an enhancement in peroxidase activity by a redox 
mediator (HOBT) has been reported. 
Decolorization of reactive textile dyes in the absence of HOBT was followed 
by the formation of precipitate, which settled down and removed by centrifugation. 
Bhunia et al. (2001) reported the precipitation of some industrially important dyes 
(Remazol Blue, Remazol Violet and Cibacron Blue) when they were treated with 
crude preparation of HRP. Several earlier investigators have shown that the treatment 
of phenols and aromatic amines by peroxidases and tyrosinases resulted in the 
formation of large insoluble aggregates (Wada et al, 1995; Tatsumi et al, 1996; 
Husain and Jan, 2000; Duran and Esposito, 2000). However, the decolorization of 
textile and non-textile dyes by BGP in the presence of 1.0 mM HOBT appeared 
without the formation of any precipitate. It suggested that the decolorization of dyes 
took place via degradation of aromatic ring of the compounds or by cleaving certain 
functional groups (Moreira et al, 2001, Alcalde et al., 2002). 
The reactive textile dyes and non-textile dyes which were completely 
recalcitrant to decolorization by BGP alone or required very high concentration of 
BGP for decolorization, were rapidly decolorized in the presence of 1.0 mM of HOBT 
(Figure 13, Tables 5-7). Thus, HOBT could have a dual role, firstly acting as a 
mediator by increasing the substrate range of dyes for BGP and secondly enhancing 
the rate of oxidation of the dyes (Reyes et al, 1999). The disappearance of absorption 
peak in the presence and absence of HOBT in visible region was due to the 
breakdown of chromophoric group present in the dyes (Figure 14). Diminution of the 
absorption peak in UV region was related to the cleavage of the aromatic group 
present in the original structure of the dye (Mielgo et al, 2001). 
To simulate the decolorization of dyes from industrial effluent, complex 
mixtures of various reactive textile and other industrially important dyes were 
prepared and treated with BGP (Table 8). However, the rate of decolorization of 
mixtures of dyes was slower than that of pure dye solution. This supports an earlier 
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observation that the biodegradation of various phenols in the form of mixtures was 
quite slow as compared to the independent phenol (Kahru et al, 2000). 
Redox mediators are expensive, toxic and biologically recalcitrant compounds 
that are poorly water soluble. They can also inactivate the enzyme, and at high 
concentrations, some of them produce coupling products during the reaction with 
aromatic compounds (Alcalde et al, 2002; van der Zee, 2002). In order to avoid the 
use of redox mediator, HOBT and to make the BGP more efficient in the 
decolorization of dyes, immobilized BGP preparation was used in acidic pH for the 
dye removal. In an earlier study, it has already been shown that HRP could 
decolorize/degrade dyes maximally at pH 2.5 (Bhunia et al, 2001). Several laccases 
also decolorize dyes at lower pH but they all need the help of free radical mediators 
(Rodriguez et al, 1999; Soares et al, 2001a; 2001b). 
The use of immobilized BGP in acidic pH proved to be a better option for the 
effective decolorization of reactive textile dyes. The immobilized BGP preparation 
was more resistant to inactivation caused by the heat and pH treatment and could 
decolorize the dyes efficiently even at extreme conditions of pH and temperature 
(Table 9 and 10). In order to make the immobilized enzyme preparation more useful 
in a reactor, it was necessary to investigate the reusability of immobilized BGP for 
dye decolorization. The immobilized BGP preparation could be repeatedly used for 
ten times for the decolorization of reactive textile dyes (Table 14). In a recent study 
Shaffiqu et al. (2002) have shown that hydrophobic matrix bound Saccharum 
peroxidase could effectively degrade four textile dyes. The immobilized enzyme was 
used in a batch reactor for the degradation of Procion Green HE-4BD and the 
reusability of the preparation was studied for 15 cycles. 
Various mixtures of reactive textile dyes when treated with soluble and 
immobilized BGP preparations showed different levels of decolorization (Table 11). 
The dye mixtures were considerably decolorized by BGP. The dyeing effluent was 
also decolorized to 95% by the action of immobilized BGP. 
The individual dye solutions, mixtures of dyes and the dyeing effluent 
exhibited a significant loss in the total organic carbon content when treated with 
soluble and immobilized BGP at pH 3.5 (Table 12 and 13). Removal of BGP treated 
dyes as insoluble complex and loss of TOC was an important signal for the 
detoxification of aromatic compounds from wastewater. It has already been 
demonstrated that HRP can catalyze free-radical formation followed by spontaneous 
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polymerization of a variety of aromatic compounds including phenols (Tatsumi et al, 
1994; Cooper and Nicell, 1996), chlorophenols (Dec and Bollag, 1994; Tatsumi et al, 
1996) other substituted phenols (Nicell et al, 1992) and dyes (Bhunia et al, 2001; 
Shaffiqu et al, 2002). Several earlier workers have demonstrated the removal of dye 
from wastewater in the form of TOC by treating them with certain chemical methods 
such as ozonation (Koch et al, 2002). 
The diminution in absorbance peaks, in UV as well as in visible regions, was a 
clear evidence regarding the removal of dyes from BGP treated wastewater containing 
complex mixtures of dyes (Figure 15). These spectral measurements provided strong 
evidences for the removal of aromatic pollutants from wastewater. 
In majority of the cases peroxidases and polyphenol oxidases produced 
insoluble aggregates when they acted on a wide range of phenolic and other related 
aromatic compounds (Husain and Jan, 2000; Duran and Esposito, 2000; Torres et al, 
2003). The separation of enzyme from insoluble product was another important hurdle 
in treating such pollutants by immobilized enzymes. The separation of products from 
the immobilized enzyme preparation made the process more tedious and expensive. 
Our observations suggested that the formation of insoluble product from the BGP 
treated dye solutions was a slow process. Therefore, the reaction product could be 
easily separated from the immobilized enzyme much before the appearance of the 
insoluble aggregate. 
The removal of phenols by peroxidases from polluted wastewater is now well 
documented and peroxidases from different sources are currently being employed for 
the removal of phenols (Aitken et al, 1994; Tatsumi et al, 1994; Al-Kassim et al, 
1994; Seelback et al, 1997; Wagner and Nicell, 2003; Duarte-Vazquez et al, 2002). 
In the present work an effort has been made to treat various phenols by using BGP. 
The BGP has proved its potential in the removal of phenol and chlorophenols from 
polluted water. Both soluble and immobilized BGP preparations were exploited for 
the detoxification of phenols. Treatment of phenols with either peroxidase or H2O2 
alone resulted in no appreciable phenol removal. As expected, the immobilized BGP 
exhibited its superiority over its soluble counterpart in the removal of different 
phenols. 
In order to determine the optimum concentration of H2O2 for the removal of 
phenols, phenol was treated with soluble BGP in varying concentrations of H2O2 
(Figure 16). The phenol removal was maximum in the presence of 0.75 mM H2O2 and 
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this observation was in agreement with those reported earlier by using HRP (Klibanov 
et al, 1983), SBP (Caza et al, 1999) and turnip peroxidase (Duarte-Vazquez et al, 
2001; Duarte-Vazquez et al, 2002). H202 concentrations greater than 1.2 mM acted 
as an inhibitor of peroxidase activity by irreversibly oxidizing the enzyme ferriheme 
group essential for peroxidase activity (Duarte-Vazquez et al, 2001). Flock et al. 
(1999) have demonstrated that phenol removal efficiency by soybean peroxidase was 
continuously decreased in the presence of higher concentrations of H2O2. 
A broad range of pH-optimum for the removal of aqueous phenols has been 
reported for many peroxidases (Dec and Bollag, 1990; Bewtra et al, 1995; Wright 
and Nicell, 1999; Duarte-Vazquez et al, 2002). Bewtra et al. (1995) described that 
the optimum-pH for the removal of 2,4-DCP by HRP was 6.5 with a working pH 
range 3-10. Kennedy et al. (2002) observed an optimum-pH of 8.2 for 2,4-DCP 
removal by using soybean peroxidase. Even at pH 2.5, 1 unit/ml of soybean 
peroxidase removed nearly 90% of the same compound, indicating that soybean 
peroxidase can function in more extreme acidic conditions than HRP. Four different 
phenols (pCP, 2,4-DCP, 2,6-DCP and phenol) were treated with soluble and 
immobilized BGP in the buffers of different pH values to determine the optimum-pH 
for the removal of phenols by BGP (Table 15). The maximum phenol removal was 
observed in the buffer of pH 6.0 and these observations were in agreement with 
earlier published data obtained by using SBP (Caza et al, 1999) and turnip peroxidase 
(Duarte-Vazquez et al, 2001). The removal efficiency of all the phenolic compounds 
decreased at pH close to 10 and was attributed to the formation of the phenol-
conjugated base since the pKa value of phenol at 25 °C is 10 (Budavari, 1989). 
Therefore the basic form did not permit the phenolic compounds to act as hydrogen 
donors. The best results for the removal of all phenolic compounds were obtained at 
pH 5.0 to 7.0. Therefore, the use of pH close to neutrality has been recommended. 
Various phenols were treated independently with soluble and immobilized 
BGP preparations (Table 17). Phenol, chlorophenols, catechol, quinol and a-naphthol 
were significantly transformed into oligomeric products by immobilized BGP while 
others were transformed to a lesser extent. At least 85% of the phenolic compounds 
studied were removed over the pH range 4.0-8.0 with an optimum removal at pH 5.0-
7.0. Duarte-Vazquez et al. (2003) studied the efficiency of a turnip peroxidase to 
remove several different phenolic compounds; phenol, pCP, o-cresol, /n-cresol, 2,4-
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DCP and bisphenol. Several earlier workers have also reported similar findings using 
soybean peroxidase (Wright and Nicell, 1999; Caza et al, 1999). 
One approach that has been taken to improve the degree of removal of certain 
phenolic compounds is to conduct the enzymatic oxidation of the compound in 
question in the presence of another phenolic compound which is easily oxidized by 
the enzyme (Klibanov et al, 1980; Simmons et al, 1989; Roper et al, 1995). 
Peroxidases have the ability to co-precipitate certain difficult-to-remove 
contaminants, including non-substrates of peroxidases, along with the more easily 
removable compounds by inducing the formation of mixed polymers that behaved 
similarly to the polymeric products of easily removable compounds (Klibanov et al, 
1980). This is of practical importance since many industrial wastewater contain a 
variety of phenolic contaminants, some of which are more amenable to enzymatic 
treatment than others. 
In order to improve the degree of removal of the less transformed phenols, 
various mixtures of phenols were prepared and treated with soluble and immobilized 
BGP (Table 18). Mixtures C, D and E were less transformed as compared to mixtures 
A and B. The presence of certain substituted groups in phenols made them recalcitrant 
to peroxidase action. This was probably due to the presence of m-cresol, resorcinol 
and other slowly converting phenols in C, D and E mixtures. As the number of less 
removable phenols in the mixture increased the rate of conversion into colored 
complex also decreased. In an earlier study, it has been shown that the biodegradation 
of various phenols in the form of mixtures was quite slow as compared to the 
independent phenol (Kahru et al, 2000). 
Removal of TOC from individual phenols or mixture of phenols was observed 
when they were treated with soluble and immobilized BGP (Tables 19 and 20). Parent 
phenol and chlorophenols exhibited maximum removal of TOC in accordance with 
their earlier observations (Tables 17 and 18). These observations suggested that major 
toxic compounds were easily removed out of the BGP treated samples. Immobilized 
HRP has been shown to remove 88% of TOC from model wastewater containing 
mixture of chlorophenols (Tatsumi et al, 1996). In a recent study, Chitose et al. 
(2003) have shown significant amount of TOC removal after degradation of phenol by 
Ti02 induced with UV, y-ray and electron beam. 
A major drawback in the removal of phenols by oxidoreductases was the 
formation of colored reaction products that stayed in the aqueous solution (Edwards et 
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al, 1999). This problem can be eliminated by enclosing enzymes between two sealed 
films of chitosan gel capable of adsorbing the colored products (Sun and Payne, 1996; 
Edwards et al, 1999). Color removal was also achieved by the application of a 
coagulant after an enzymatic reaction (Tonegawa et al, 2003). Coagulants were 
effective in protecting enzymes against inactivation induced by the reaction product 
(Tatsumi et al, 1994; Husain and Jan, 2000; Duran and Esposito, 2000). Chitosan, a 
natural polymer of glucosamine, is considered a good absorbent for quinones 
originating from the oxidation of phenols (Tatsumi et al, 1994; Wada et al., 1995; 
Ganjidoust et al, 1996). The application of activated carbon appeared to be an 
efficient approach for color removal from reaction mixtures involving phenols and 
minced horseradish. A maximum color removal was achieved within a relatively short 
time of 2 h after the carbon addition (Tonegawa et al, 2003). 
In the present study, we have reported the use of activated DEAE cellulose-11 
as an adsorbent of the soluble colored product formed by the action of BGP. The 
concentration of the used activated DEAE cellulose-11 was very low (1.0 mg/ml) as 
against high concentrations of chitosan (40 mg/ml) and activated carbon (10-100 
mg/ml) used by other researchers (Sun and Payne, 1996; Tonegawa et al, 2003). The 
whole procedure for the preparation of chitosan gel and the enclosure of horseradish 
pieces between chitosan films was very cumbersome (Tonegawa et al, 2003). 
However, the activation of DEAE cellulose-11 was a very simple process. Moreover, 
the activated DEAE cellulose-11 could be reused three times, each time with 100% 
removal of the colored product (data not given). 
Several studies have been published that described the dye decolorization and 
phenol removal capacity of peroxidases (Nakamoto and Machida, 1992; Nicell et al, 
1993; Aitken et al, 1994; Al-Kassim et al, 1994; Seelback et al, 1997; Bhunia et al, 
2001; Shaffique et al, 2002; Wariishi et al, 2002; Mielgo et al, 2003; Duarte-
Vazquez et al, 2003). We were able to demonstrate the ability of BGP to 
decolorize/remove structurally diverse synthetic dyes and different phenols, which 
strongly suggested the implication of this enzyme, particularly in immobilized form, 
for the large-scale treatment of organic pollutants present in the wastewater/industrial 
effluent. 
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This work demonstrates the preparation of an inexpensive bioaffinity 
adsorbent by simple incubation of Sephadex G-50 with jack bean meal extract at 
room temperature. Sephadex G-50 adsorbed 17 mg of Concanavalin A per g of the 
matrix. Concanavalin A adsorbed Sephadex was used for the immobilization of 
peroxidase (specific activity of 99.0 EU/mg protein) directly from ammonium 
sulphate fractionated proteins of bitter gourd (300 EU/g of vegetable). The obtained 
bioaffinity support was very efficient for the high yield immobilization of peroxidase 
from bitter gourd and it bound nearly 425 EU/g of the support. Bitter gourd 
peroxidase immobilized on lectin-Sephadex support showed very high effectiveness 
factor 'if of 1.25. Immobilized peroxidase preparation was quite stable against the 
denaturation induced by pH, heat, urea, Triton X 100, Tween 20, SDS, Surf Excel and 
water-miscible organic solvents, dimethyl sulphoxide and dimethyl formamide. Low 
concentration of detergents like SDS, Tween 20, and Triton X 100 enhanced the 
activity of soluble and immobilized bitter gourd peroxidase. Peroxidase bound to the 
bioaffinity support exhibited high resistance to proteolysis caused by the trypsin 
treatment as compared to the soluble peroxidase. Concanavalin A-Sephadex bound 
bitter gourd peroxidase retained 85% of its initial activity after treatment with 2.5 mg 
trypsin per ml of incubation mixture for 1 h at 37 °C while the soluble enzyme lost 
nearly 40% of the initial activity under similar incubation conditions. 
The partially purified bitter gourd peroxidase was employed for the 
decolorization of twenty-one dyes, with a wide spectrum chemical groups, currently 
being used by the textile and other important industries. We have shown here for the 
first time that peroxidase from bitter gourd was highly effective in decolorizing 
industrially important dyes. Dye solutions (50-200 mg/L) were used for the treatment 
with bitter gourd peroxidase. Bitter gourd peroxidase was able to decolorize most of 
the textile dyes by forming insoluble precipitate. When the textile dyes were treated 
with increasing concentrations of enzyme, it was observed that greater fraction of the 
color was removed but four out of eight reactive dyes were recalcitrant to 
decolorization by bitter gourd peroxidase. Step-wise addition of enzyme to the 
decolorizing reaction mixture at the interval of 1 h further enhanced the rate of dye 
decolorization. Dye decolorization was enhanced when the dyes were incubated with 
fixed quantity of enzyme for increasing time intervals. Decolorization of non-textile 
dyes resulted in the degradation and removal from the solution without any precipitate 
formation. 
Decolorization rate was drastically increased when the textile and other 
industrially important non-textile dyes were treated with bitter gourd peroxidase in the 
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presence of a redox mediator, 1-hydroxybenzotriazole (1.0 mM). Complex mixtures 
of dyes were prepared by taking three to four reactive textile and non-textile dyes in 
equal proportions. Each mixture was decolorized by more than 80% when treated 
with enzyme in the presence of 1.0 mM 1-hydroxybenzotriazole. These observations 
suggested that the peroxidase-redox mediator system was an effective biocatalyst for 
the treatment of effluents containing recalcitrant dyes from textile, dye manufacturing, 
dyeing and printing industries. 
Immobilized peroxidase from bitter gourd was highly effective in decolorizing 
reactive textile dyes compared to its soluble counterpart. Dye solutions were treated 
with soluble and immobilized bitter gourd peroxidase in the buffers of different pH 
values. The decolorization of dyes with both the preparations of enzyme was 
maximum in the pH range of 3.0-4.0. The effect of different temperatures on the dye 
decolorization was monitored and it was observed that all the dyes were maximally 
decolorized at 40 °C. In order to examine the operational stability of the immobilized 
enzyme preparation, the same aliquot of the enzyme was repeatedly exploited for the 
decolorization of the eight reactive textile dyes. Even after 10 cycles, in each case, the 
immobilized preparation retained nearly 50% of the initial enzyme activity. The 
immobilized enzyme preparation retained more than 90% of the original activity 
while the soluble enzyme lost 33% of the initial activity when stored for 40 days at 
room temperature. Mixtures of three, four and eight dyes were prepared and treated 
with soluble and immobilized bitter gourd peroxidase. Each mixture was decolorized 
by more than 80% when treated with immobilized enzyme. Dyeing effluent collected 
from local dyers was treated with both types of enzyme preparations. Immobilized 
enzyme was capable of removing remarkably high concentration of color from the 
effluent. Total organic carbon content of soluble and immobilized enzyme treated 
individual dyes, mixture of dyes and dyeing effluent was determined and it was 
observed that higher organic carbon was removed after treatment with immobilized 
enzyme. 
The bioaffinity bound bitter gourd peroxidase was also employed for the 
treatment of wastewater contaminated with phenols. The polluted water was treated 
with soluble and immobilized enzyme preparations under various experimental 
conditions. Maximum removal of phenols was found in the pH range of 5.0-6.0 and at 
40 °C in the presence of 0.75 mM H2O2. Fourteen different phenols were treated in 
the buffer of pH 5.6 at 37 °C with soluble and immobilized bitter gourd peroxidase. 
Chlorinated phenols and phenol were significantly removed while other substituted 
phenols were marginally removed by the peroxidase treatment. Phloroglucinol and 
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pyrogallol were recalcitrant to the action of bitter gourd peroxidase. Immobilized 
bitter gourd peroxidase preparation was capable of removing remarkably high 
percentage of phenols from the mixtures of phenols. Total organic carbon of the 
treated phenols was also analyzed. Significantly high total organic carbon removal 
was observed in case of immobilized BGP treated polluted water containing phenol or 
mixtures of phenols. 2,4-DCP and a mixture of phenols were also treated in a stirred 
batch reactor with fixed quantity of enzyme for longer duration. The soluble bitter 
gourd peroxidase ceased to function after 3 h while the immobilized enzyme was 
active even after 6 h of incubation with phenolic solutions. 
The experimental results obtained in the present work revealed the 
effectiveness of the peroxidase catalyzed enzymatic reaction in the treatment of water 
contaminated with dyes and phenols. Immobilized bitter gourd peroxidase resulted in 
effective performance over the free peroxidase. 
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Simultaneous purification and immobilization 
of bitter gourd (Momordica charantia) 
peroxidases on bioaffinity support 
Suhail Akhtar, Amjad Ali Khan and Qayyum Husain* 
Department of Biochemistry, Faculty of Life Science, Aligarh Muslim University, Aligarh-202002, UP, India 
Abstract: This paper demonstrates the construction of an inexpensive bioaffinity adsorbent by simply 
incubating Sephadex G 50 matrix with jack bean meal extract at room temperature. Sephadex G 5C 
adsorbed 17mg Con A (concanavalin A) per g of the matrix. Con A-adsorbed Sephadex was employed 
for the immobilization of glycoenzymes directly from ammonium sulfate-fractionated proteins of bitter 
gourd. The obtained bioaffinity support was very efficient for high yield immobilization of peroxidases 
from bitter gourd and it bound nearly 425 enzyme units per g of the matrix. Bitter gourd peroxidase 
immobilized on lectin-Sephadex support showed a very high effectiveness factor,'»/,' of 1.25. Immobilized 
BGP preparation was quite stable against the denaturation induced by pH, heat, urea, Triton X 100, Tween 
20, SDS, Surf Excel and water-miscible organic solvents: dimethyl sulfoxide and dimethyl formamide. 
Low concentration of detergents like SDS, Tween 20, and Triton X 100 enhanced the activity of soluble 
and immobilized bitter gourd peroxidase. Peroxidase bound to the bioaffinity support exhibited very high 
resistance to proteolysis caused by the trypsin treatment. Con A-Sephadex-bound bitter gourd peroxidase 
retained 85% of its initial activity after treatment with 2.5 mg trypsin per cm' of Incubation mixture for 1 h 
at 37 °C while the soluble enzyme lost nearly 40% of the initial activity under similar incubation conditions. 
Immobilized bitter gourd peroxidase preparation appeared to be more rigid to proteolysis mediated by 
trypsin compared with soluble bitter gourd peroxidase. 
© 2004 Society of Chemical Industry 
Keywords: bioaffinity support; bitter gourd; immobilization; peroxidase; phenol removal; remediation; 
stabilization; wastewater 
NOTATION 
BGP bitter gourd peroxidase 
Con A concanavalin A 
DMSO dimethyl sulfoxide 
DMF dimethyl formamide 
SDS sodium dodecyl sulfate 
INTRODUCTION 
Peroxidases (EC 1.11.1.7) are hemeproteins which 
catalyze the oxidation of a large number of aro-
matic compounds at the expense of H2O2.1 Per-
oxidases have a number of applications in clin-
ical'chemical/environmental analysis, bio-blcaching 
processes, fuel and chemical production from wood 
pulp or in the production of dimeric alkaloids, oxi-
dation/biotransformation of organic compounds and 
synthesis of phenolic resins.2 5 It has been reported 
that peroxidases can be used in the detoxification 
of various phenols and aromatic amines and the 
decolorization and detoxification of dyes present in 
polluted wastewater/industrial effluents from several 
textile dyes, and the paper and pulp and other 
industries.6"9 This great diversity in applications is due 
to a wide substrate specificity of peroxidase catalysis.I0 
The use of soluble enzyme has some inherent demer-
its whereas the immobilized form of the enzyme has 
several advantages, such as enhanced stability, eas-
ier product recovery and purification, protection of 
enzymes against denaturants, proteolysis and reduced 
susceptibility to contamination. A large number of 
methods have been employed for the immobilization 
of peroxidases from various sources but most of the 
immobilized enzyme preparations either use commer-
cially available enzyme or expensive supports which 
adds more cost to the system.7-11 Such immobilized 
systems cannot fulfil the requirement for the treat-
ment of huge volumes of industrial effluents containing 
* Correspondence to: Qayyum Husain, Department of Biochemistry, Faculty of Life Science, Aligarh Muslim University, Aligarh-202002, 
UP, India 
E-mail: qayyumhusain@rediffmail.com 
Contract/grant sponsor: Council of Scientific and Industrial Research, New Delhi, India 
Contract/grant sponsor: University Grants Commission 
Contract/grant sponsor: DST, New Delhi, India 
[Received 13 April 2004; revised version received 24 August 2004; accepted 26 August 2004) 
Published online 8 December 2004 
© 2004 Society of Chemical Industry. J Chern Technol Biotechnol 0268-2575/2004/$30.00 198 
Bioaffinity-based immobilization/stabilization of bitter gourd peroxidases 
various hazardous compounds. However, among the 
techniques used for the immobilization of enzymes, 
bioaffinity-based supports have several merits over 
the other known method. There has been remark-
able interest in the bioaffinity-based procedures of 
enzyme immobilization.12 14 Ease of immobilization, 
lack of chemical modification and usually accompany-
ing enhancement in stability are some of the advan-
tages offered by the bioaffinity-based procedures, 
which also offer the additional benefit of orienting the 
enzyme favorably on the support.1516 These supports 
have been used for the high yield and stable immo-
bilization of glycoenzymes/enzymes. Bioaffinity-based 
procedures can be employed for the immobilization of 
enzymes directly from the crude homogenate or par-
tially purified enzyme preparation.1214 Horseradish 
root is the only traditional source for the commercial 
production of peroxidases but it is cultivated in rel-
atively cool climates and not in most parts of India. 
Therefore efforts are being made to search for new 
sources of peroxidases. Several new sources have been 
discovered but none of them has been exploited for 
die large-scale purification of the enzyme.6,7 
In this study an attempt has been made to 
investigate a new source of peroxidase, vegetable bitter 
gourd. Our preliminary studies demonstrated very 
high peroxidase activity in the ammonium sulfate-
fractionated bitter gourd proteins. The purpose of 
this study was to find a cheaper and easily available 
alternative for the commercially available enzymes 
and its immobilization and utilization on a large 
scale. Peroxidases from bitter gourd are glycosylated 
and this was observed by precipitating bitter gourd 
proteins with Con A. Con A-precipitated proteins of 
bitter gourd exhibited very high peroxidase activity. 
Con A-adsorbed Sephadex support was obtained 
by simply incubating the Sephadex with jack bean 
extract at room temperature and this Con A-adsorbed 
Sephadex support was used for the immobilization of 
peroxidases from the ammonium sulfate-fractionated 
pioteins of bitter gourd. Bioaffinity-based immobilized 
enzyme preparation was compared with its soluble 
counterpart for its stability against various physical and 
chemical parameters. Immobilized BGP preparation 
was significantly stable against pH, heat, urea, 
detergents, proteolysis and water-miscible organic 
solvents. 
MATERIALS AND METHODS 
Materials 
Sephadex G 50 and methyl a-D-mannopyranoside 
were the products of Amersham Biosciences Uppsala, 
Sweden and Sigma Chem Co, USA, respectively. 
Jack bean meal was procured from DIFCO, Detroit, 
USA. o-Dianisidine-HCl was obtained from the 
Center for Biochemical Technology, New Delhi, 
India. Sodium dodecyl sulfate, dimethyl sulfoxide 
and dimethyl formamide were obtained from SRL 
Chemicals, Mumbai, India. Surf Excel was purchased 
J Chem Techtwl Biotechnol 80:198-205 (2005) 
from the local market. Other chemicals and reagents 
employed were of analytical grade and were used 
without any further purification. 
Ammonium sulfate fractionation of bitter gourd 
proteins 
Bitter gourd (50 g) was homogenized in 100 cm3 of 
0.1 M sodium acetate buffer, pH 5.6. Homogenate 
was filtered through four layers of cheesecloth. The 
filtrate was then centrifuged at 10 000 x g on a Remi 
R-24 cooling centrifuge. The clear solution thus 
obtained was subjected to salt fractionation by adding 
20-80% (w/v) (NH 4 ) 2S0 4 . It was stirred overnight at 
4°C to obtain the maximum amount of precipitate. 
The precipitate was collected by centrifugation at 
10 000 x g on a Remi R-24 cooling centrifuge. The 
obtained precipitate was redissolved in 0.1 M sodium 
acetate buffer, pH 5.6, and dialyzed against the same 
buffer.17 Specific activity of the ammonium sulfate-
fractionated BGP was 10.29-fold higher than the crude 
preparation. 
Preparation of bioaffinity support 
Sephadex (5.0 g) was incubated and stirred with 
100 cm3 clear solution of jack bean meal extract 
prepared in 0.1 M sodium phosphate buffer, pH 6.2, 
overnight at 4 °C. Unbound proteins were removed by 
extensive washing with the assay buffer.18 The specific 
binding of Con A with Sephadex was confirmed by 
eluting the bound lectin using 1.0 M methyl a-D-
mannopyranoside. 
Immobilization of BGP on Con A-Sephadex 
support 
BGP (5733 enzyme units) was added to 5.0 g of Con 
A-Sephadex support and stirred in sodium phosphate 
buffer, pH 6.2, at 4°C overnight. Unbound BGP was 
removed by extensive washing with the assay buffer.18 
Effect of trypsin-mediated proteolysis on the 
activity of soluble and immobilized BGP 
Soluble and immobilized BGP preparations (1.33 
EU) were incubated with 0.25-2.5 mg trypsin cm"1 
of incubation mixture at 37 °C for 1 h. Both BGP 
preparations were also incubated with 0.5 mg trypsin 
cm - 3 solution at 37°C for up to 4 h to monitor the 
activation of BGP mediated by trypsin. 
Treatment of soluble and immobilized BGP with 
detergents 
SDS (0.1-1.0% w/v) and 0.5-5.0% (v/v) of Triton 
X 100 and Tween 20 were used as final assay 
concentration to observe the effect of detergents 
on the activity of BGP. Soluble and immobilized 
enzyme preparations (1.33 EU) were incubated with 
the detergents in 50 mM sodium acetate buffer, pH 
5.6, at 37 °C for 1 h. 
S Akhtar, AA Khan, Q Husain 
Incubation of soluble and immobilized BGP with 
water-miscible organic solvents 
Soluble and immobilized BGP preparations (1.33 
EU) were incubated with 10-60% (v/v) of water-
miscible organic solvents, DMSO/DMF, prepared in 
0.1 M sodium acetate buffer, pH 5.6, at 37 °C for 1 h. 
Peroxidase activity was determined at all the indicated 
organic solvent concentrations after the incubation 
period.19 Other assay conditions were the same as 
described in the text. 
Measurement of peroxidase activity 
Peroxidase activity was estimated from the change in 
the optical density (A^o nm) at 37 °C by measuring 
the initial rate of oxidation of o-dianisidine-HCl by 
hydrogen peroxide using the two substrates in saturat-
ing concentrations. The immobilized preparation was 
continuously agitated for the entire duration of assay. 
The assay was highly reproducible with immobilized 
preparations.20 
One unit of peroxidase activity was denned as the 
amount of enzyme protein that catalyzes the oxidation 
of 1 pmol of o-dianisidine-HCl per min at 37 °C. 
Determination of protein concentration 
The protein concentration was determined by the 
procedure of Lowry et al.21 Bovine serum albumin 
was used as standard. 
RESULTS 
It is well recognized that Sephadex is used for the 
purification of Con A and other similar lectins. In 
view of its property to adsorb Con A specifically, 
this property has been exploited for preparing Con 
A-Sephadex adsorbent directly from jack bean meal. 
Con A-Sephadex was obtained by simply incubating 
Sephadex G 50 with 10% jack bean meal extract 
overnight at 4"C. After binding of Con A on 
Sephadex, the complex was washed with assay 
buffer till the traces of unbound proteins were 
removed. Sephadex adsorbed nearly 17mg protein 
per g of gel from the solution. Con A-bound 
Sephadex was selected as a bioaffinity medium for the 
immobilization of glycoenzymes. The precipitation of 
bitter gourd glycoproteins was achieved by incubating 
the ammonium sulfate-fractionated proteins with Con 
A extract. The obtained precipitate expressed very 
high peroxidase activity. These results suggested 
that peroxidases from bitter gourd are glycosylated. 
Moreover, our group has also purified peroxidases 
from bitter gourd by using Con A-Sepharose 
support to 100-fold purity as compared with crude 
homogenate (data not shown). It further confirms 
the glycosylated nature of bitter gourd peroxidases. 
In view of the glycoproteinic nature of bitter gourd 
peroxidases, these could be direcdy immobilized on 
Con A-Sephadex support from ammonium sulfate-
fractionated proteins or from the crude homogenate 
of bitter gourd. Unbound proteins were removed by 
extensive washing with assay buffer. Con A-Sephadex 
adsorbed 425 enzyme units of peroxidase per g 
of the matrix. The effectiveness factor trf of the 
immobilized enzyme preparation was 1.25. This 
very high effectiveness factor of immobilized bitter 
gourd peroxidases suggested that the immobilized 
preparation was quite porous and effective in catalysis. 
The stability of soluble and Con A-Sephadex-
bound BGP preparations was monitored against var-
ious physical and chemical parameters because these 
parameters can affect the activity of the enzymes 
used for the treatment of organic pollutants present 
in the wastewater. Con A-Sephadex-bound BGP 
showed broadening in the pH-activity profile as com-
pared with the native enzyme (Fig 1). Immobilized 
enzyme retained significantly higher enzyme activ-
ity on both sides of the pH-optimum in comparison 
to free enzyme. The pH-optimum of immobilized 
enzyme remained unchanged from pH 5.0 to 6.0, 
although soluble enzyme showed a pH-optimum at 
pH 5.0. In an earlier study immobilized preparations 
of glycoenzymes on lectin supports have also shown 
a similar type of broadening in pH-activity profiles.12 
Bioaffmity-bound BGP exhibited a marginal broaden-
ing in temperature-activity profile. Soluble and Con 
A-Sephadex-bound BGP preparations exhibited the 
same temperature optima of 40 °C. However, Con 
A-Sephadex-bound BGP retained greater fractions 
of activity on both sides of the temperature-optima 
compared with soluble enzyme (Fig 2). 
As shown in Fig 3, soluble BGP incubated at 60 °C 
for 2h retained half of its initial enzyme activity 
while the immobilized enzyme incubated under similar 
conditions was significantly more stable to heat 
inactivation. The immobilized BGP exhibited 85% 
of the original activity after 2h of heat treatment. 
Con A-Sephadex-bound BGP was more resistant to 
inactivation induced by 4.0 M urea compared with its 
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Figure 1. pH-activity profile of the soluble and immobilized BGP. 
The appropriate amount of soluble and Immobilized BGP was taken 
for the preparation of pH-activity profile. The reaction mixture was 
incubated at 37 °C for 15 min in buffers of the pH range from 3.0 to 
9.0. The buffers used were 100 mu glycine-HCI for pH 3.0, sodium 
acetate for pH 4.0, 5.0, sodium phosphate for pH 6.0, 7.0, 8.0 and 
Tris-HCI for pH 9.0. All the results are the mean of triplicate samples 
(average standard deviation <5%). 
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Figure 2. Temperature-activity profiles of soluble and immobilized 
BGP. The activity of appropriate amounts of soluble and immobilized 
BGP was monitored at various indicated temperatures. Activity 
expressed at 40 °C was taken as control for calculating percent 
activity. All the results are the mean of triplicate samples (average 
standard deviation <5%). 
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Figure 4. Effect of 4.0 M urea on soluble and Con 
A-Sephadex-bound BGP. Soluble and immobilized BGP 
preparations (1.33 units) were incubated in 4.0 M urea in 100mM 
sodium acetate buffer, pM 5.6. Enzyme activity was determined at 
different time intervals. For calculating the percent activity untreated 
samples were considered as 100%. All the results are the mean of 
triplicate samples (average standard deviation -^5%). 
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Figure 3. Thermal denaturation of soluble and Con 
A-Sephadex-bound BGP. Soluble and immobilized BGP (1.33 units) 
were incubated at 60 °C for varying time intervals in 100mM sodium 
acetate buffer, pH 5.6. Aliquots of each preparation were taken out at 
indicated time intervals and enzyme activity was determined. 
Un-incubated samples were taken as 100% for the calculation of 
remaining percent activity. All the results are the mean of triplicate 
samples (average standard deviation <5%). 
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Figure 5. Effect of trypsin concentration on the activity of soluble and 
immobilized BGP. Soluble and Con A-Sephadex-bound BGP 
preparations (1.33 units) were independently incubated with 
Increasing concentration of trypsin (0.25-2.5 mg) in a total volume of 
1.0 cm3 of 100mM sodium acetate buffer, pH 5.6, at 37 "C for 1 h. All 
the results are the mean of triplicate samples (average standard 
deviation <5%). 
soluble counterpart. Exposure of soluble enzyme with 
4.0 M urea for 2h resulted in the loss of 52% activity 
whereas the immobilized enzyme retained more than 
80% of the initial enzyme activity (Fig 4). 
Figure 5 shows the stability of soluble and immobi-
lized BGP in the presence of 0.25-2.5 mg trypsin c m - 3 
of incubation mixture. Soluble BGP was rapidly inac-
tivated in the presence of increasing concentrations of 
trypsin and retained 60% of the initial activity after 1 h 
incubation with 2.5 mg trypsin cm - 3 at 37 °C while 
the immobilized BGP was remarkably more stable 
against proteolysis mediated by trypsin. Immobilized 
BGP expressed over 85% of the initial activity with 
similar treatment. The soluble and immobilized BGP 
were activated at low concentrations of trypsin as com-
pared with the trypsin-untreated preparations of BGP 
(Fig 5). The highest activation of soluble and immo-
bilized BGP was observed at 0.5 mg trypsin cm"' and 
0.75 mg trypsin cm - 3 of incubation mixture, respec-
tively. In order to investigate the time-dependent 
activation of soluble and immobilized BGP, both 
the preparations were incubated with 0.5 mg trypsin 
cm - 3 of incubation mixture for different times. The 
activity of soluble enzyme was enhanced up to 120% 
after 90 min incubation at 37 °C while the activity of 
immobilized BGP was increased up to 140% after 2 h 
incubation at 37 °C with trypsin (Fig 6). 
Wastewater coming out from various elimination 
sites contains several types of denaturants including 
detergents, which can strongly denature the enzymes 
used for the treatment of polluted wastewater. In 
order to use such enzymes for the removal of 
JChem Technol Biotechnol 80:198-205 (2005) 201 
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Figure 6. Effect of fixed concentration of trypsin on the activity of 
soluble and immobilized BGP for different time intervals. Soluble and 
Con A-Sephadex-bound BGP preparations (1.33 units) were 
independently incubated with 0.5 mg trypsin in a total volume of 
-. .0 cm3 of 100 mM sodium acetate buffer, pH 5.6, at 37 °C for different 
time intervals. All the results are the mean of triplicate samples 
(average standard deviation <5%). 
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Figure 7. Activation of soluble and immobilized BGP activity by SDS. 
Soluble and immobilized BGP preparations (1.33 units) were 
incubated with increasing concentration of SDS (25-500 HM) 
prepared in 100mM sodium acetate buffer, pH 5.6, at 37°C for 1 h. All 
the results are the mean of triplicate samples (average standard 
deviation <5%). 
aromatic pollutants from wastewater it becomes 
necessary to monitor the stability of enzymes in the 
presence of denaturants. In this study four different 
detergents have been selected for comparative stability 
of soluble and immobilized BGP. Both soluble and 
immobilized enzyme preparations were activated by 
low concentrations of SDS, however, the immobilized 
BGP achieved further activation at higher levels of 
detergent (Fig 7). This experiment indicated that 
the presence of lower concentrations of SDS is 
not harmful to the enzyme structure and enzymes 
can work more efficiently on the industrial effluents 
containing compounds such as soap and detergents. 
Lower concentrations of Triton X 100 and Tween 
20 also activated soluble and immobilized BGP and 
in this case the extent of activation was much higher 
(data not shown). In order to investigate the effect 
of higher concentrations of detergents on the activity 
of BGP, soluble and immobilized BGP preparations 
were incubated with 0.1-1.0% (w/v) SDS and 0.5-5% 
(v/v) of Triton X 100 and Tween 20 for 1 h at 37 UC. 
Pre-incubation of soluble and immobilized enzyme 
preparations with 1 % (w/v) SDS for 1 h resulted in the 
loss of 58% and 19% of the original enzyme activity, 
respectively (Fig 8). Soluble and Con A-Sephadex-
bound BGP preparations were treated with increasing 
concentration of Triton X 100 and Tween 20 for 1 h at 
37 °C. Immobilized BGP retained very high activity in 
the presence of 5.0% (v/v) Triton X 100 and Tween 20 
while soluble enzyme rapidly lost its activity (Table 1). 
Surf Excel is a very common detergent used in 
households and laundry. Unused detergent is normally 
present in the wastewater coming out of municipal 
ty
 
£ 
8 
g 
KT 
% 
s« 
120 
110 
100 
90 
80 
70 
60 
50 
40 
30 
20 
10 
0 
-— Soluble BGP 
Immobilized BGP 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 
% SDS (w/v) 
Figure 8. Inactivation effect of SDS on the activity of soluble and 
immobilized BGP. Soluble and immobilized BGP preparations 
(1.33 units) were incubated with (0.1-1.0% w/v) SDS prepared in 
100 mM sodium acetate buffer, pH 5.6, at 37 °C for 1 h. Enzyme 
activity was determined after the incubation period. All the results are 
the mean of triplicate samples (average standard deviation <5%). 
Table 1. Effect of Tween 20 and Triton X 100 on soluble and 
immobilized BGP 
Detergent 
concentration 
(%, v/v) 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
Percent remaining BGP activity 
Tween 20 
Soluble 
40 
38 
37 
36 
35 
33 
31 
29 
27 
28 
Immobilized 
98 
98 
96 
93 
90 
68 
85 
79 
77 
75 
Triton X 100 
Soluble 
61 
58 
50 
51 
49 
48 
46 
45 
44 
43 
Immobilized 
100 
99 
99 
94 
93 
90 
88 
86 
85 
81 
Soluble and immobilized BGP preparations (1.33 units) were incubated 
with Tween 20/Triton X 100 [0.5-5.0% (v/v) prepared in 50 mu sodium 
acetate buffer, pH 5.6 at 37 "C for 1 h]. 
Peroxidase activity was assayed at all the indicated detergents 
concentrations and other assay conditions were the same as 
mentioned in the text. 
The activities of soluble and immobilized BGP in assay buffer without 
any detergent were taken as control (100%) for the calculation of 
percent activity. 
Each value represents the mean for three-independent experiments 
performed in duplicate, with average standard deviation <-5%. 
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— - Soluble BGP 
Immobilized BGP 
Table 2. Effect of DMF and DMSO on the activity of soluble and 
immobilized BGP 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 
% Surf Excel (w/v) 
Figure 9. Effect of Surf Excel on the activity of soluble and Con 
A-Sephadex-bound BGP. Soluble and immobilized BGP 
preparations (1.33 units) were incubated with varying concentrations 
of Surf Excel (0.1-1.0% w/v) in 100 mu sodium acetate buffer, pH 
5.6, at 37 °C for 1 h. All the results are the mean of triplicate samples 
(average standard deviation <5%). 
waste. This wastewater is somewhere mixed with the 
effluents released by industries. In order to make the 
immobilized preparation more efficient for wastewater 
treatment, we have investigated the effect of Surf Excel 
on the activity of immobilized BGP. Soluble BGP was 
more sensitive to the Surf Excel exposure and lost 
nearly 90% enzyme activity after 1 h incubation with 
1% (w/v) detergent. However, the immobilized BGP 
was markedly more resistant to inactivation induced 
by Surf Excel and retained over 76% of the initial 
activity (Fig 9). 
Industrial effluents and municipal wastewater 
contain organic solvents together with other aromatic 
pollutants. Therefore it is of utmost importance to 
investigate the role of some water-miscible organic 
solvents on the activity of immobilized enzymes. 
The exposure of soluble enzyme with varying 
concentrations of DMSO (10-60% v/v) resulted in the 
loss of a greater fraction of enzyme activity while the 
immobilized enzyme was quite resistant to inactivation 
induced by DMSO. Exposure of immobilized enzyme 
preparation with 50% (v/v) DMSO for l h had 
negligible effect on its activity, although the soluble 
enzyme lost nearly 33% of its original activity with 
similar treatment (Table 2). The incubation of soluble 
and immobilized BGP with increasing concentration 
of DMF resulted in continuous loss of enzyme 
activity. However, the immobilized enzyme was more 
resistant to inactivation mediated by DMF. The 
treatment of soluble BGP with 60% (v/v) DMF for 
1 h resulted in the loss of 45% of the initial activity 
while the Con A-Sephadex-bound BGP exhibited 
pronouncedly very high stabilization against similar 
treatment and retained more than 85% of its original 
activity (Table 2). 
DISCUSSION 
A large number of methods are employed for the 
immobilization/stabilization of enzymes but very few 
Organic solvent 
(% v/v) 
10 
20 
30 
40 
50 
60 
Percent remaining BGP activity 
DMF 
Soluble Immobilized 
96 
87 
78 
72 
57 
55 
98 
95 
91 
88 
87 
86 
DMSO 
Soluble 
95 
90 
86 
77 
67 
58 
Immobilized 
98 
95 
94 
92 
90 
90 
Soluble and immobilized BGP preparations (1.33 units) were incubated 
with increasing concentration of DMSO/DMF (10-60% v/v) in 50 mM 
sodium acetate buffer, pH 5.6 at 37' C for 1 h. 
Peroxidase activity was assayed at all the indicated organic solvent 
concentrations and other assay conditions were same as mentioned 
in the text. 
The activities of soluble and immobilized BGP in assay buffer without 
any organic solvent were taken as control (100%) for the calculation 
of percent activity. 
Each value represents the mean for three-independent experiments 
performed in duplicate, with average standard deviation <5%. 
can meet the requirement of enzyme immobilization 
directly from the crude homogenate. In this work an 
effort has been made to immobilize the BGP directly 
from the ammonium sulfate-fractionated proteins 
of bitter gourd on Con A-Sephadex. It is well 
documented that Sephadex can be used for the affinity-
based purification of Con A from jack bean meal 
extract.12 Therefore, this property has been exploited 
for the preparation of bioaffinity media for the 
immobilization of BGP directly from the ammonium 
sulfate-fractionated bitter gourd proteins. BGP was 
immobilized in very high yield on Con A-Sephadex 
and it bound 425 EU of BGP g~' of the adsorbent. 
The immobilization yield was quite superior over other 
methods used for the immobilization of peroxidases.22 
BGP bound to Con A-Sephadex support exhibited 
very high stabilization against pH, heat and urea 
denaturation (Figs 1-4). Several earlier reports are 
also available on the use of Con A support for high 
yield immobilization of glycoenzymes.1214 Bioaffinity-
bound BGP was remarkably stable against proteolysis 
mediated by trypsin (Fig 5). In another study, our 
laboratory has explained the stabilization of Con 
A-Sephadex-bound glucose oxidase against trypsin 
treatment.18 
Lower concentrations of SDS stimulated the soluble 
and immobilized BGP. This experiment indicated 
that the presence of lower concentrations of SDS is 
not harmful to the enzyme function. Such enzymes 
can work more efficiently on industrial effluents 
containing compounds such as soap and detergents. 
Con A-Sephadex-bound BGP was quite resistant 
against denaturation induced by detergents such as 
Triton X 100, Tween 20 (Table 1), SDS and Surf 
Excel (Figs 8 and 9). Numerous detergents normally 
flow in the municipal wastewater and these can affect 
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the activity of enzymes. Therefore, it is necessary 
to know about the effect of detergents on the 
enzyme activity prior to their use in the removal 
of organic compounds present in the wastewater. 
These observations suggest that Con A-Sephadex-
bound BGP preparation was remarkably more stable 
against the exposure caused by very high concentration 
of several detergents. Potential applications of this 
enzyme can be made for the treatment of wastewater 
containing hazardous aromatic pollutants. 
Organic solvents are also very common pollutants 
along with aromatic compounds and their presence 
can influence the structure of enzymes. Enzymes 
employed for the treatment of wastewater containing 
pollutants would be affected by the presence of such 
solvents. In view of their presence in wastewater 
it becomes necessary to investigate the stability 
of enzymes in the presence of these solvents. 
The Con A-Sephadex-bound BGP was markedly 
more stable against the exposure to DMSO and 
DMF (Table 2). There have been reports that 
immobilization of enzymes by multipoint attachment 
protects them from denaturation by organic solvents 
in cosolvent mixtures.23-25 These workers have 
described that potato polyphenol oxidase adsorbed 
on chitin behaved differently compared with soluble 
enzyme in aqueous-organic cosolvent mixtures. 
Moreover, they have evaluated that the enzymes 
polyphenol oxidase, peroxidase, trypsin and acid 
phosphatase showed stimulation of enzyme activity 
within a specific concentration range of water-miscible 
organic solvent present in the medium.26 Enzyme 
immobilized by adsorption on Eudragit S-100, chitin 
and chitosan exhibited enhanced activity in organic 
cosolvent mixtures when the concentration of the 
organic solvent was around 10-20% (v/v).27 More 
recently in our laboratory it has been shown that 
enzymes immobilized on protein supports were also 
quite resistant to denaturation induced by various 
water-miscible organic solvents.1928 
The Con A-Sephadex-bound BGP preparation has 
pronounced stability against pH, heat, urea, proteol-
ysis, detergents and water-miscible organic solvents. 
Several earlier reports described that the immobiliza-
tion of glycoenzymes on Con A support resulted in 
the stabilization of enzymes against various forms of 
denaturation.1216 Protease resistance is an additional 
attribute of the bioaffinity-based immobilization of 
BGP. It indicated that Con A-Sephadex-bound BGP 
preparation has great potential in the treatment of 
organic pollutants present in industrial effluents. Con 
A-Sephadex-adsorbed enzyme has only non-covalent 
forces between the support and enzyme molecules and 
sometimes it leads to the desorption of enzyme or 
Con A or both from the support. Cross-linking of 
bioaffinity-adsorbed enzyme could be done by using 
Afunctional or multifunctional reagents to prevent the 
dissociation/desorption of enzyme or Con A-enzyme 
complex from the Sephadex G 50 support.29 
204 
CONCLUSION 
BioafFinity supports are significantly useful in 
the immobilization of enzymes directly from the 
crude homogenate, thus avoiding the high cost of 
enzyme purification.1214 Peroxidase-based removal/ 
detoxification of phenols and aromatic amines has 
been a subject of considerable interest during the 
past two decades. However, practical applications of 
large-scale enzymatic removal have always been lim-
ited due to high cost and lower operational stability 
of peroxidases.1,4 The method of enzyme immobiliza-
tion developed in this work has an advantage because 
there is no need for the use of commercially available 
lectin for the preparation of the bioaffinity support. 
Moreover, this procedure emphasized the immobiliza-
tion of BGP directly from the crude homogenate or 
ammonium sulfate-precipitated proteins. It has further 
reduced the cost of the immobilized enzyme prepara-
tion. BGP adsorbed on Con A support showed high 
yield of immobilization and markedly high stabilization 
against several types of denaturants. In the near future, 
enzyme reactors containing such inexpensive immobi-
lized preparations can be exploited for the treatment 
of wastewater containing toxic and hazardous com-
pounds. 
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Abstract 
Immobilized peroxidases from Momordica charantia were highly effective in decolorizing reactive textile dyes com-
pared to its soluble counterpart. Dye solutions, 50-200 mg/1, were treated with soluble and immobilized bitter gourd 
peroxidases (specific activity of 99.0 EU per mg protein). The decolorization of dyes with soluble and immobilized 
enzyme was maximum in the range of pH 3.0-4.0. The effect of different temperatures on the dye decolorization was 
monitored and it was observed that all the dyes were maximally decolorized at 40 °C. In order to examine the opera-
tional stability of the immobilized preparation, the enzyme was repeatedly exploited for the decolorization of the dyes 
from fresh batch of dye solutions. Even after 10 cycles in each case the immobilized preparation retained nearly 50% of 
the initial enzyme activity. The immobilized enzyme exhibited more than 90% of the original activity while the soluble 
enzyme lost 33% of the initial activity when stored for 40 d at room temperature. Mixtures of three, four and eight dyes 
were prepared and treated with soluble and immobilized bitter gourd peroxidase. Each mixture was decolorized by 
more than 80% when treated with immobilized enzyme. Dyeing effluent collected from local dyers was treated with both 
types of enzyme preparations. Immobilized enzyme was capable of removing remarkably high concentration of color 
from the effluent. TOC content of soluble and immobilized enzyme treated individual dyes, mixture of dyes and dyeing 
effluent was determined and it was observed that higher TOC was removed after treatment with immobilized enzyme. 
© 2005 Elsevier Ltd. All rights reserved. 
Keywords: Bitter gourd; Peroxidases; Dye decolorization; Immobilization; Sephadex G-50; Con A 
1. Introduction 
There are more than 100000 commercially available 
dyes with over 7 x 105 tons of dyestuff produced annually 
worldwide and used extensively in textile, dyeing and 
printing industries (Zollinger, 1987; Spadaro et al., 
1994; Robinson et al., 2001). It is estimated that about 
10-15%) of the dyes were lost in industrial effluents 
(Young and Yu, 1997). The discharge of wastewater that 
Abbreviations: BGP, bitter gourd peroxidases; Sol-BGP, so-
luble bitter gourd peroxidase; Imm-BGP, immobilized bitter 
gourd peroxidase; Con A, concanavalin A; EU, enzyme unit; 
TOC, total organic carbon. 
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contains high concentrations of reactive dyes is a 
well-known problem. Reactive dyes are the only colo-
rants designed to bond covalently with the fabrics. These 
dyes contain chromophoric groups such as azo, anthra-
quinone, triarylmethane, etc. and reactive groups e.g., 
vinyl sulfone, chlorotriazine, trichloropyrimidine, etc. that 
form covalent bonds with the fiber (Surnathi and Manju, 
2000). Azo reactive dyes, the largest class of water-solu-
ble synthetic dyes with the greatest variety of colors and 
structure are generally resistant to aerobic biodegrada-
tion (Moran et al., 1997) and are not amenable to con-
ventional biological wastewater treatment (Kimura, 
1980; Moran et al., 1997; Willmott et al., 1998). Possible 
reason for their non-biodegradability is the lack of requi-
site enzymes in the conventional biological treatment 
plants. Anaerobic transformation of azo dyes begins 
with reductive fission of the azo linkage, resulting in 
the formation and accumulation of colorless aromatic 
amines, which can be highly toxic and carcinogenic 
(Cerniglia et al., 1982). Azo dyes were essentially 
non-degradable by bacteria under aerobic conditions 
(Michaels and Lewis, 1986). Conventional chemical and 
physical methods of dye decolorization/degradation are 
actually outdated due to some unresolved problems. Bio-
degradation appears a promising technology but unfor-
tunately the analysis of contaminated soil and water 
has shown that these toxic pollutants persist even in the 
presence of microorganisms that are completely capable 
of mineralizing the pollutants. Often the environment of 
the microorganisms is not optimal for rapid degradation. 
There is a need to find alternative treatments that are 
effective in removing dyes from large volumes of effluents 
and are low in cost (O'Neill et al., 1999; Abadulla et al., 
2000; Bhunia et al., 2001). Recent studies indicate that an 
enzymatic approach has attracted much interest in the 
removal of phenolic pollutants from aqueous solutions 
as an alternative strategy to the conventional chemical 
as well as microbial treatments which pose some serious 
limitations (Duran and Esposito, 2000; Husain and Jan, 
2000). Oxidoreductive enzymes such as peroxidases and 
polyphenol oxidases are participating in the degrada-
tion/removal of aromatic pollutants (Klibanov et al., 
1983; Dec and Bollag, 1994). These enzymes can act on 
a broad range of substrates and can also catalyze the deg-
radation or removal of organic pollutants present in very 
low concentration at the contaminated sites. In view of 
the potential of these enzymes in treating the phenolic 
compounds several microbial and plant peroxidases 
and polyphenol oxidases have been considered for the 
treatment of dyes but none of them has been exploited 
at the large scale due to low enzymatic activity in biolo-
gical materials and high cost of purification (Bhunia 
et al., 2001; Shaffiqu et al., 2002; Verma and Madamwar, 
2002). The major reason that enzymatic treatments have 
not yet been applied on an industrial scale is the huge vol-
ume of polluted wastewater demanding remediation. Sol-
uble enzymes suffer from certain drawbacks such as 
thermal instability, susceptibility to attack by proteases, 
activity inhibition, etc. (Husain and Jan, 2000). An 
important disadvantage of using soluble enzymes in the 
detoxification of hazardous aromatic pollutants is that 
the free enzyme cannot be used in continuous processes. 
To overcome all these limitations enzyme immobilization 
is the best alternative to exploit the enzymes at the indus-
trial level. 
In the present study, an effort has been made to 
investigate the use of Con A-Sephadex bound bitter 
gourd peroxidase (BGP) in the decolorization/removal 
of reactive textile dyes. It has already been reported in 
our laboratory that peroxidases from bitter gourd have 
very high potential in the degradation/decolorization 
of textile and other industrially important dyes (unpub-
lished data). Eight reactive dyes used in textile industries 
have been selected for the study. Dyes were treated with 
soluble and immobilized BGP in the buffers of different 
pH values and at various temperatures to determine the 
optimum conditions for their treatment. Reusability of 
immobilized BGP for dye decolorization was monitored 
up to 10th use. Mixtures of dyes and dyeing effluent, col-
lected from local dyers, were treated effectively with sol-
uble and immobilized BGP. 
2. Materials and methods 
2.1. Materials 
Sephadex G-50 was obtained from Amersham Chem-
icals, Uppasala, Sweden. Jack bean meal was purchased 
from Detroit, USA. Textile reactive dyes were a gift from 
Atul India Ltd. o-dianisidine-HCl was obtained from 
the Center for Biochemical Technology, New Delhi, 
India. The chemicals and other reagents employed were 
of analytical grade and were used without any further 
purification. Bitter gourd used in the study was pur-
chased from a local vegetable market. The effluent was 
collected from a local dyeing house. 
2.2. Ammonium sulphate fractionation of bitter gourd 
proteins 
Bitter gourd (50 g) was homogenized in 100 ml of 
0.1 M sodium acetate buffer, pH 5.6. Homogenate was 
filtered through four layers of cheesecloth. The filtrate 
was then centrifuged at lOOOOg on a Remi R-24 cooling 
centrifuge. The clear solution thus obtained was sub-
jected to salt fractionation by adding 20-80% (w/v) 
(NH4)2S04. It was stirred overnight at 4 °C to obtain 
maximum precipitate. The precipitate was collected by 
centrifugation at lOOOOg on a Remi R-24 cooling centri-
fuge. The obtained precipitate was redissolved in appro-
priate volume of 0.1 M sodium acetate buffer, pH 5.6 
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and dialyzed against the same buffer. Specific activity of 
the ammonium sulphate fractionated BGP was 10.29-
fold higher than the crude preparation (Akhtar et al., 
2005). 
2.3. Immobilization of BGP on Con A-Sephadex 
support 
Immobilization of BGP on Con A-Sephadex support 
was made according to the procedure described by Akh-
tar et al. (2005). 
2.4. Bitter gourd peroxidase activity measurement 
Peroxidase activity was estimated from the change in 
the optical density ( A ^ nm) at 37 °C by measuring the 
initial rate of oxidation of o-dianisidine-HCl by H2O2 
using the two substrates in saturating concentrations 
(Husain et al., 1992). 
One unit of peroxidase activity was defined as the 
amount of enzyme protein that catalyzes the formation 
of l.Oumol of colored complex in the presence of 
o-dianisidine-HCl and H2O2 per min at 37 °C. 
2.5. General procedure for dye decolorization and 
removal of insoluble product 
The dyes (50-200 mg/1) were prepared in distilled 
water. Equal number of enzyme units of soluble and 
immobilized BGP was used for the decolorization proce-
dure. The immobilized BGP was separated from the 
treated reaction mixture by centrifuging at 4000g for 
10 min. The dye solution treated with soluble BGP 
was kept in boiling water bath for 15 min to stop the 
reaction. The soluble and immobilized BGP treated 
dye solutions were further incubated at 37 °C overnight. 
On the next day the mixture was centrifuged at 5000g for 
10 min to remove the precipitated product. The decrease 
in absorbance of the dye solutions was monitored at 
their respective Amax on Cintra lOe UV spectrometer. 
The percent decolorization was calculated by taking 
untreated dye solution as control (100%). 
2.6. Decolorization of dyes in the buffers of varying pH 
In this set of experiment the dyes were prepared in 
the buffers of different pH values (3.0-7.0). Each dye 
was treated with 0.25 EU of soluble and immobi-
lized BGP per ml of reaction mixture in the buffers of 
various pH values in the presence of 0.75 mM H2O2 
for 1 h at 37 °C. Dye decolorization by soluble and 
immobilized BGP was monitored at each specific wave-
length. The percent decolorization was calculated by 
taking each untreated dye in specific buffer as control 
(100%). 
2.7. Decolorization of textile dyes by soluble and 
immobilized BGP at various temperatures 
Independent dye was incubated with 0.25 EU of solu-
ble and immobilized BGP per ml of reaction volume in 
100 mM glycine-HCl buffer, pH 3.5 and 0.75 mM H202 
at 30-80 °C for 1 h. Decrease in color of dyes by 
treatment with soluble and immobilized BGP was 
monitored at each specific wavelength. The percent decol-
orization was calculated by taking untreated dye solution 
incubated at each temperature as control (100%). 
2.8. Decolorization of mixtures of reactive dyes 
with BGP 
For the preparation of the mixtures, dyes were 
prepared individually with equal absorbance and 
mixed in equal proportions. Wavelength maximum 
(^ max) for each mixture was determined by using Cin-
tra lOe UV spectrometer. Each mixture of dyes was 
independently incubated with 0.25 EU of soluble and 
immobilized BGP per ml of reaction volume in 
100 mM glycine-HCl buffer, pH 3.5 in the presence 
of 0.75 mM H202 at 37 °C for 1 h. Decolorization of 
the mixture of dyes, after treatment with soluble and 
immobilized BGP, was monitored at specific wave-
length of the mixture. The percent decolorization 
was calculated by taking untreated dye mixture as 
control (100%). 
2.9. Procedure for dyeing effluent decolorization 
Effluent from the local dyers was collected and the 
insoluble material was removed by centrifugation. Prior 
to the enzymatic treatment the effluent was suitably di-
luted with 100 mM glycine-HCl buffer, pH 3.5. Two 
hundred milliliter of diluted effluent was treated with 
25 EU of soluble and immobilized BGP in the presence 
of 0.75 mM H202 for 8 h at room temperature (30 °C) 
under stirring conditions. After treatment, aliquot of 
effluent was centrifuged and clear supernatant was taken 
for the measurement of absorbance in the visible region 
and for the determination of total organic carbon (TOC) 
left after treatment. 
2.10. Determination of TOC content of control, treated 
dyes and mixtures of dyes 
Procedure for the dye decolorization was followed by 
TOC determination. The amount of TOC was evaluated 
by using a total organic carbon analyzer (Multi N/C 2000, 
Analytic Jena, Germany). Independent dye and mixture 
of dyes were incubated with 0.25 EU per ml of soluble 
and immobilized BGP in 100 mM glycine-HCl buffer, 
pH 3.5 for over 12 h at 37 °C. After centrifugation the 
TOC content of the clear supernatant was determined. 
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Each control and treated independent dye/mixture 
of dyes was diluted to 10-fold before measuring their 
TOC. 
Treated dyeing effluent was also taken for measuring 
the remaining TOC. Untreated dyeing effluent was con-
sidered as control. 
2.11. UV-visible spectral analysis 
Procedure for the dye decolorization was followed 
for the UV-visible spectral analysis. Spectra for the con-
trol, soluble and immobilized BGP treated dye samples 
were taken on Cintra lOe UV spectrometer. 
2.12. Reusability of Con A-Sephadex bound BGP in the 
decolorization of reactive textile dyes 
The reusability of Con A-Sephadex bound BGP in 
the decolorization of all reactive textile dyes was mon-
itored. Independent dye was incubated with 0.25 EU 
of BGP per ml of reaction volume in 100 mM gly-
cine-HCl buffer, pH 3.5 at 37 °C for 1 h. After the 
incubation period the enzyme was separated by centri-
fugation and stored in the assay buffer for over 20 h 
at 4°C. This experiment was repeated 10 times 
with the same aliquot of 0.25 EU of immobilized 
BGP and each time with a fresh batch of dye. Dye 
decolorization by immobilized BGP was monitored 
at each specific wavelength. The percent decolorization 
was calculated by taking the first dye decolorization as 
control (100%). 
2.13. Storage activity of soluble and immobilized BGP 
Soluble and immobilized BGP preparations were 
incubated in 0.1 M sodium acetate buffer, pH 5.6 at 
room temperature (30-35 °C) for over 40 d. Appropriate 
and equal aliquots of both the preparations were with-
drawn in triplicate at the gap of 5 d and their peroxidase 
activity was determined according to the procedure de-
scribed in the text. 
2.14. Determination of protein concentration 
Lowry et al. (1951) procedure was followed for the 
determination of protein concentration. Bovine serum 
albumin was used as standard. 
3. Results and discussion 
The decolorization and removal of textile reactive 
dyes from polluted water by using soluble and immobi-
lized BGP under various experimental conditions has 
been investigated in this study. The chemical structure 
of all the used dyes is shown in Fig. 1. 
3.1. Effect of pH on the decolorization of reactive 
textile dyes by soluble and immobilized BGP 
Eight textile reactive dyes were treated with equal 
number of enzyme units of soluble and immobilized 
BGP in the buffers of different pH values. Most of the 
dyes were maximally decolorized in the range of pH 
3.0-4.0. As pH of the decolorizing sample was increased 
up to pH 6.0 the rate of decolorization decreased in all 
the reactive dyes. Further, at pH 7.0 the rate of dye 
decolorization was slightly increased (Table 1). In an 
earlier study it has been shown that horseradish peroxi-
dase (HRP) could decolorize and degrade dyes maxi-
mally at pH 2.5 (Bhunia et al., 2001). Several laccases 
also decolorize dyes at lower pH but they all need the 
help of free radical mediators like 1-hydroxybenzotria-
zole (HOBT), violuric acid, phenothiazine-10-propionic 
acid, veratryl alcohol, etc. The use of free radical medi-
ators add additional cost to the decolorization processes 
and sometimes more toxic compounds (Reyes et al., 
1999; Soares et al, 2001a,b; Claus et al., 2002). 
3.2. Effect of temperature on the decolorization of 
reactive textile dyes by soluble and immobilized BGP 
In another experiment the effect of different tempera-
tures (30-80 °C) on the dye decolorization was moni-
tored and it was observed that all the dyes were 
decolorized maximally at 40 °C. Table 2 shows that 
the decolorization of dyes was maximum at 40 °C in case 
of all the dyes. Above and below this temperature rate of 
decolorization was decreased. At lower temperatures 
there was no difference in the dye decolorization by sol-
uble and immobilized BGP but at higher temperatures 
the color removal was significantly greater in immobi-
lized enzyme treated samples. 
3.3. Treatment of mixtures of dyes by soluble and 
immobilized BGP 
Mixtures of three, four and eight dyes were 
treated with soluble and immobilized BGP. Table 3 
demonstrates that significantly high percent of color 
was removed by immobilized BGP. These results were 
further confirmed by UV-visible spectra of treated and 
untreated samples. Peaks in UV-visible regions were 
significantly decreased in case of the soluble and immo-
bilized BGP treated dyes or mixtures. 
3.4. Removal of color from dyeing effluent by soluble 
and immobilized BGP in a stirred batch process 
Dyeing effluent collected from local dyers after 
dilution was subjected to treatment with soluble and 
immobilized preparations of BGP. Treatment of 
diluted effluent with soluble and immobilized BGP 
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(1) 
Na03S 
(2) 
Na0 3 S' 
S03Na' 
Na0 3S 
CI 
XX 
NaQ3S 
S03Na 
CI 
S03Na 
S03Na 
Fig. 1. Chemical structure of the investigated dyes. (1) CI Reactive Blue 4, (2) CI Reactive Blue 160, (3) CI Reactive Blue 171, (4) CI 
Reactive Orange 4, (5) CI Reactive Orange 86, (6) CI Reactive Red 11, (7) CI Reactive Red 120 and (8) CI Reactive Yellow 84. 
in a stirred batch process resulted into significant loss suggested that immobilized BGP could remove mark-
of color. The disappearance of color was followed edly high percentage of color from the dyeing efflu-
by insoluble precipitate formation. The observations ents (Table 3). 
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S03Na 
Fig. 1 (continued) 
Table 1 
Effect of pH on the decolorization of textile dyes by soluble and immobilized BGP 
Name of dyes 
Reactive Blue 4 
Reactive Blue 160 
Reactive Blue 171 
Reactive Red 11 
Reactive Red 120 
Reactive Orange 4 
Reactive Orange 86 
Reactive Yellow 84 
m^ax (nm) 
596 
616 
607 
545 
535 
489 
413 
414 
% dye 
PH 
3.0 
Sol-
BGP 
93 
95 
94 
94 
92 
97 
93 
97 
decolorization 
1mm-
BGP 
91 
97 
95 
95 
91 
98 
93 
97 
4.0 
Sol-
BGP 
89 
86 
91 
87 
98 
92 
95 
79 
1mm-
BGP 
96 
97 
96 
88 
98 
78 
92 
87 
5.0 
Sol-
BGP 
5 
2 
0 
9 
4 
5 
1 
3 
Imm-
BGP 
3 
8 
7 
5 
0 
5 
0 
0 
6.0 
Sol-
BGP 
0 
0 
0 
2 
0 
4 
2 
1 
1mm-
BGP 
2 
1 
5 
0 
0 
0 
5 
5 
7.0 
Sol-
BGP 
39 
45 
41 
28 
30 
37 
37 
43 
1mm-
BGP 
47 
47 
58 
38 
36 
49 
44 
40 
Independent dye was incubated with 0.25 EU per ml of soluble and immobilized BGP in the buffers of different pH values (3.0-7.0) at 
37 °C for I h. 
Each value represents the mean for three-independent experiments performed in duplicate, with average standard deviation <5%. 
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Table 2 
Effect of temperature on the decolorization of textile dyes by soluble and immobilized BGP 
Name of dyes 
Reactive Blue 4 
Reactive Blue 160 
Reactive Blue 171 
Reactive Red 11 
Reactive Red 120 
Reactive Orange 4 
Reactive Orange 86 
Reactive Yellow 84 
% decolorization 
Temperature (°C) 
30 
Sol-
BGP 
87 
83 
88 
81 
98 
87 
94 
71 
Imm-
BGP 
93 
95 
94 
80 
93 
72 
93 
86 
40 
Sol-
BGP 
89 
85 
91 
95 
98 
95 
96 
76 
Imm-
BGP 
96 
98 
98 
83 
95 
75 
93 
89 
50 
Sol-
BGP 
79 
79 
85 
70 
84 
61 
79 
73 
Imm-
BGP 
92 
91 
89 
77 
89 
71 
85 
86 
60 
Sol-
BGP 
58 
61 
69 
61 
67 
47 
65 
53 
1mm-
BGP 
81 
83 
81 
73 
82 
69 
82 
79 
70 
Sol-
BGP 
36 
38 
51 
28 
44 
34 
41 
34 
Imm-
BGP 
66 
70 
74 
64 
76 
57 
72 
64 
80 
Sol-
BGP 
10 
7 
3 
4 
10 
11 
6 
8 
Imm-
BGP 
16 
23 
32 
17 
21 
22 
28 
19 
Independent dye was incubated with 0.25 EU per ml of soluble and immobilized BGP in 100 raM glycine-HCl buffer, pH 3.5 at 
30-80 °C for 1 h. 
Each value represents the mean for three-independent experiments performed in duplicate, with average standard deviation <5%. 
Table 3 
Decolorization of various mixtures of Reactive dyes and the 
dyeing effluent by soluble and immobilized BGP 
Mixture of reactive dyes Amax % decolorization 
(nm) Treated with Treated with 
soluble BGP immobilized 
BGP 
Reactive Blue 160 486 25 
+ Reactive Orange 86 
+ Reactive Orange 4 
Reactive Blue 171 546 35 
+ Reactive Yellow 84 
+ Reactive Red 11 
Reactive Blue 160 612 35 
+ Reactive Blue 171 
+ Reactive Orange 86 
+ Reactive Yellow 84 
Reactive Orange 4 512 39 
+ Reactive Red 11 
+ Reactive Red 120 
+ Reactive Blue 4 
Reactive Blue 160 515 41 
+ Reactive Blue 171 
+ Reactive Orange 86 
+ Reactive Yellow 84 
+ Reactive Orange 4 
+ Reactive Red 11 
+ Reactive Red 120 
+ Reactive Blue 4 
Dyeing effluent 630 48 
75 
73 
77 
84 
79 
95 
The conditions for the treatment of mixtures of dyes and dyeing 
effluent are described in Sections 2.8 and 2.9 of the text, 
respectively. 
Each value represents the mean for three-independent experi-
ments performed in duplicate, with average standard deviation 
<5%. 
3.5. TOC content of BGP treated dyes 
All the tested reactive dyes were treated with soluble 
and immobilized BGP and its insoluble product was re-
moved by centrifugation. Clear solution was used to mea-
sure the TOC content. Standard control was also used for 
TOC determination. TOC content of individual dyes and 
mixtures of dyes before and after treatment with soluble 
and immobilized BGP is given in Tables 4 and 5. As com-
pared to control the level of TOC was decreased in both 
the soluble and immobilized BGP treated samples. 
However, the immobilized BGP treated dye solutions 
exhibited significant loss of TOC from the solution. 
Table 4 
TOC content of various Reactive dyes after treatment with 
soluble and immobilized BGP 
Name of reactive dyes 
Reactive Blue 4 
Reactive Blue 160 
Reactive Blue 171 
Reactive Red 11 
Reactive Red 120 
Reactive Orange 4 
Reactive Orange 86 
Reactive Yellow 84 
TOC content (ppm) 
Control 
183 
181 
185 
193 
195 
215 
180 
197 
Treated with 
soluble BGP 
83 
65 
64 
78 
83 
96 
73 
80 
Treated with 
immobilized 
BGP 
46 
58 
57 
40 
29 
34 
45 
42 
Independent dye was incubated with 0.25 EU per ml of soluble 
and immobilized BGP in 100 mM glycine-HCl buffer, pH 3.5 
for over 12 h at 37 °C. 
Each value represents the mean for three-independent experi-
ments performed in duplicate, with average standard deviation 
<5%. 
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Table 5 
TOC content of various mixtures of Reactive dyes and the 
effluent after treatment with soluble and immobilized BGP 
Mixture of reactive dyes TOC content (ppm) 
Control Treated Treated with 
with immobilized 
soluble BGP 
BGP 
Reactive Blue 160 174 109 96 
+ Reactive Orange 86 
+ Reactive Orange 4 
Reactive Blue 171 161 70 35 
+ Reactive Yellow 84 
+ Reactive Red 11 
Reactive Blue 160 181 65 27 
+ Reactive Blue 171 
+ Reactive Orange 86 
+ Reactive Yellow 84 
Reactive Orange 4 186 83 43 
+ Reactive Red 11 
+ Reactive Red 120 
+ Reactive Blue 4 
Reactive Blue 160 210 125 49 
+ Reactive Blue 171 
+ Reactive Orange 86 
+ Reactive Yellow 84 
+ Reactive Orange 4 
+ Reactive Red 11 
+ Reactive Red 120 
+ Reactive Blue 4 
Dyeing effluent 75 68 39 
The conditions for the treatment of mixtures of dyes and dyeing 
effluent are described in Section 2.10 of the text. 
Each value represents the mean for three-independent experi-
ments performed in duplicate, with average standard deviation 
<5%. 
Immobilized HRP has been shown to remove 88% of 
TOC from model wastewater containing mixture of chlor-
ophenols (Tatsumi et al., 1996). These observations sug-
gested that major toxic compounds get easily removed 
out of the BGP treated samples. Several earlier workers 
have confirmed the removal of dye from wastewater in 
the form of TOC by treating them with certain chemical 
methods such as ozonation (Koch et al., 2002). 
3.6. Spectral demonstration of dye mixtures and dyeing 
effluent decolorization 
In order to confirm the removal of aromatic com-
pounds from the BGP treated wastewater, some spectral 
analysis was also performed. As shown in Fig. 2a and b, 
the wastewater containing the mixtures of four and eight 
reactive textile dyes treated with soluble and immobi-
lized BGP resulted in a significant loss of dyes from solu-
tion in visible as well as from UV regions. The 
diminution in absorbance peaks in both the regions is 
clear evidence regarding the removal of dyes from trea-
aoo* uo« SODJI UOA won uoo Man aa» woo am WO* 
Wavelength (am) 
20O6 2X0 3OOJ0 SSDfl mao 4S0.0 3000 3300 ABO «XO 7008 
Wavelength (nm) 
Fig. 2. Absorption spectra of mixture of four and eight reactive 
textile dyes and dyeing effluent. Mixtures of reactive dyes and 
dyeing effluent were treated as described in the text and their 
absorption spectra were taken before and after treatment with 
soluble and immobilized BGP. Spectra [a] and [b] correspond to 
the mixture of four dyes (Reactive Orange 4, Reactive Red 
11, Reactive Red 120 and Reactive Blue 4) and eight dyes 
(Reactive Blue 160 + Reactive Blue 171 + Reactive Orange 
86 + Reactive Yellow 84 + Reactive Orange 4 + Reactive Red 
11 + Reactive Red 120 + Reactive Blue 4), respectively. Spectra 
[c] indicate dyeing effluent before and after treatment with 
soluble and immobilized BGP. 
ted wastewaters containing complex mixtures of dyes. 
Spectral analysis of treated dyeing effluent exhibited a 
significant loss of aromatic compounds as the peaks in 
UV and visible regions were remarkably decreased 
(Fig. 2c). Removal of reaction product as insoluble com-
plex is an important signal for the detoxification of 
aromatic compounds from wastewater. It has already 
been demonstrated that HRP can catalyze free-radical 
formation followed by spontaneous polymerization of 
a variety of aromatic compounds including phenols 
(Tatsumi et al„ 1994; Cooper and Nicell, 1996), chloro-
phenols (Dec and Bollag, 1994; Tatsumi et al., 1996) 
other substituted phenols (Nicell et al., 1992) and dyes 
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Table 6 
Reusability of Con A-Sephadex bound BGP in the decolorization of reactive textile dyes 
Name of dyes % dye decolorization 
Number of uses 
1 2 3 4 5 6 7 8 9 10 
Reactive Blue 4 
Reactive Blue 160 
Reactive Blue 171 
Reactive Red 11 
Reactive Red 120 
Reactive Orange 4 
Reactive Orange 86 
Reactive Yellow 84 
96 
98 
97 
81 
90 
72 
92 
88 
87 
96 
97 
79 
94 
70 
90 
88 
81 
89 
87 
74 
86 
68 
84 
83 
74 
77 
79 
70 
75 
63 
79 
78 
67 
67 
70 
66 
70 
60 
73 
74 
62 
60 
59 
59 
61 
57 
67 
73 
55 
52 
56 
55 
56 
50 
61 
71 
51 
37 
49 
47 
52 
46 
54 
65 
47 
30 
41 
34 
44 
39 
45 
56 
41 
25 
37 
23 
36 
35 
40 
51 
Each value represents the mean for two-independent experiments performed in duplicate, with average standard deviation <5%. 
(Bhunia et al., 2001; Shaffiqu et al., 2002). Our observa-
tions are in agreement with earlier findings that the 
treatment of aromatic compounds resulted in the forma-
tion of insoluble aggregate, which can be easily removed 
by simple filtration, centrifugation or sedimentation. 
These spectral measurements provide strong evidences 
for the removal of aromatic pollutants from wastewater. 
3.7. Reusability of Con A-Sephadex bound BGP in the 
decolorization of reactive textile dyes 
In order to make this preparation more practical in a 
reactor, it was necessary to investigate the reusability of 
immobilized BGP. Therefore, the reusability of Con A-
Sephadex bound BGP in the decolorization of reactive 
textile dyes has been considered. The dye decolorizing 
reusability was continuously decreased up to the 10th 
use of the same preparation. This decolorization effi-
ciency was different in case of different dyes. This may 
be due to the leaching of enzyme from the bioaffinity 
support in varying amounts or due to product inhibition 
(Table 6). In a recent study Shaffiqu et al. (2002) have 
shown that hydrophobic matrix bound Saccharum 
peroxidase could efficiently degrade four textile dyes. 
The immobilized enzyme was used in a batch reactor 
for the degradation of Procion Green HE-4BD and the 
reusability was studied for 15 cycles. 
5.6*. Storage activity of soluble and immobilized BGP 
Fig. 3 indicates that the activity of soluble BGP de-
creased continuously when stored at 30-35 °C for over 
40 d. At the end of the 40th d soluble enzyme activity 
was nearly 67% of the initial activity while the immobi-
lized enzyme retained more than 90% of the original 
activity. These observations suggested that the immobi-
lized BGP preparation could be used in enzymatic reac-
tors for longer durations without much loss in activity. 
In majority of the cases the peroxidases and other 
oxidoreductases produce insoluble aggregates when they 
120 
20 30 
Number of Days 
Fig. 3. Storage enzymatic activity of soluble and immobilized 
BGP. Soluble and immobilized BGP preparations were incu-
bated at room temperature (30-35 °C) for over 40 d. Appro-
priate and equal aliquots of both the preparations were 
withdrawn in triplicate at the gap of 5 d and their peroxidase 
activity was determined according to the procedure described in 
the text. Each value represents the mean for three-independent 
experiments performed in duplicate, with average standard 
deviation <5%. 
are acting on wide variety of phenolic and other related 
aromatic compounds (Duran and Esposito, 2000; Hus-
ain and Jan, 2000; Torres et al., 2003). This is another 
important hurdle in treating such pollutants by immobi-
lized enzymes. It makes separation of products, from the 
immobilized enzyme preparation, more tedious and 
expensive. Our observations suggested that the forma-
tion of insoluble product by treatment with BGP is quite 
a slow process. Hence, the product can easily be sepa-
rated from the immobilized enzyme. 
4. Conclusions 
In this study we have shown that immobilized BGP 
can be efficiently used for the treatment of polluted 
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wastewater/industrial effluents containing textile and 
other dyes. The treatment of such aromatic textile dyes 
by using soluble and immobilized BGP initially 
produced soluble product. However, the formation of 
insoluble aggregates took several hours so that the 
immobilized enzyme treated mixture could be separated 
easily from the reacting vessel. Insoluble product forma-
tion is an autocatalytic process; therefore continuous 
reactors can be more successfully prepared by taking 
such immobilized enzymes for the removal of large vol-
ume of effluents. There is an additional advantage of 
using peroxidases at lower pH because the enzymes do 
not require the use of free radical mediators and most 
of the industrial effluents are also acidic in nature. It is 
clear from the above observations that the immobilized 
bitter gourd peroxidase system could be an effective 
biocatalyst for the treatment of effluents containing re-
calcitrant dyes from textile, dyeing and printing 
industries. 
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Abstract 
The aim of this study was to evaluate the enzymatic action of partially purified bitter gourd peroxidase for the degradation/decol-
orization of complex aromatic structures. Twenty-one dyes, with a wide spectrum of chemical groups, currently being used by the 
textile and other important industries have been selected for the study. Here, for the first time we have shown peroxidases from 
Momordica charantia (300 EU/gm of vegetable) to be highly effective in decolorizing industrially important dyes. Dye solutions, con-
taining 50-200 mg dye/1, were used for the treatment with bitter gourd peroxidase (specific activity of 99.0 EU/mg protein). M. cha-
rantia peroxidases were able to decolorize most of the textile dyes by forming insoluble precipitate. When the textile dyes were 
treated with increasing concentration of enzyme, it was observed that greater fraction of the color was removed but four out of eight 
reactive dyes were recalcitrant to decolorization by bitter gourd peroxidase. Step-wise addition of enzyme to the decolorizing reac-
tion mixture at the interval of 1 h further enhanced the dye decolorization. The rate of decolorization was enhanced when the dyes 
were incubated with fixed quantity of enzyme for increasing times. Decolorization of non-textile dyes resulted in the degradation and 
removal of dyes from the solution without any precipitate formation. Decolorization rate was drastically increased when the textile 
and other industrially important non-textile dyes were treated with bitter gourd peroxidase in presence of 1.0 mM 1-hydroxybenzo-
triazole. Complex mixtures of dyes were prepared by taking three to four reactive textile and non-textile dyes in equal proportions. 
Each mixture was decolorized by more than 80% when treated with the enzyme in presence of 1.0 mM 1-hydroxybenzotriazole. Our 
data suggest that the peroxidase/mediator system is an effective biocatalyst for the treatment of effluents containing recalcitrant dyes 
from textile, dye manufacturing, dyeing and printing industries. 
© 2005 Elsevier Ltd. All rights reserved. 
Abbreviations: BGP, bitter gourd peroxidases; HOBT, 1-hydroxybenzotriazole 
Keywords: Bitter gourd; Peroxidases; 1-Hydroxybenzotriazole; Dye decolorization; Degradation 
1. Introduction their chemical structure, dyes are resistant to fading on 
exposure to light, water and many chemicals (O'Neill 
There are more than 100,000 commercially available et al., 1999). There are many structural varieties of dyes 
dyes with over 7 x 105 tons of dyestuff produced annu- that fall into either the cationic, anionic or non-ionic 
ally (Zollinger, 1987; Robinson et al., 2001). Due to type. Anionic dyes are the direct, acid and reactive dyes 
(Mishra and Tripathy, 1993). Reactive dyes are the only 
* Corre7Ponding author. Tel.: +91 571 2720i35(R)/270074i(O); fax: colorants designed to bond covalently with the fabric. 
+91 571 2721776. Reactive dyes contain chromophoric groups such as 
E-mail address: qayyumhusain@rediirmail.com (Q. Husain). azo, anthraquinone, triarylmethane etc. and reactive 
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groups e.g., vinyl sulphone, chlorotriazine, trichloropyr-
imidine etc. that form covalent bonds with the fiber 
(Sumathi and Manju, 2000; Keharia and Madamvar, 
2003). Azo reactive dyes, the largest class of water-solu-
ble synthetic dyes with greatest variety of colors and 
structures are generally resistant to aerobic biodegrada-
tion (Moran et al., 1997) and are not amenable to con-
ventional biological wastewater treatment (Kimura, 
1980; Moran et al., 1997; Willmott et al., 1998). Possible 
reason for their non-biodegradability is the lack of req-
uisite enzymes in the conventional biological treatment 
plant. Anaerobic transformation of azo dyes begins with 
reductive fission of the azo linkage, resulting in the for-
mation and accumulation of colorless aromatic amines, 
which can be highly toxic and carcinogenic (Cerniglia et 
al., 1982). Azo dyes are essentially non-degradable by 
bacteria under aerobic conditions (Michaels and Lewis, 
1986). Conventional chemical and physical methods of 
dye decolorization are outdated due to some unresolved 
problems. Biodegradation appears a promising technol-
ogy but unfortunately the analysis of contaminated soil 
and water has shown that these toxic pollutants persist 
even in the presence of microorganisms that are com-
pletely capable of mineralizing the pollutants (Robinson 
et al., 2001; Keharia and Madamvar, 2003). Often the 
environment of the microorganisms is not optimal for 
rapid degradation of pollutants. There is a need to find 
alternative treatments that are effective in removing dyes 
from large volumes of effluents and are low in cost (Aba-
dulla et al., 2000). Recently, enzymatic approach has at-
tracted much interest in the removal of phenolic 
pollutants from aqueous solutions as an alternative 
strategy to the conventional chemical as well as micro-
bial treatments that pose some serious limitations (Hus-
ain and Jan, 2000; Duran and Esposito, 2000; Torres et 
al., 2003). Oxidoreductive enzymes such as peroxidases 
and polyphenol oxidases are participating in the degra-
dation/removal of aromatic pollutants from various 
contaminated sites. These enzymes can act on a broad 
range of substrates and can also catalyze the degrada-
tion/removal of organic pollutants present in a very 
low concentration at the contaminated site. In view of 
the potential of these enzymes in treating the phenolic 
compounds several microbial and plant peroxidases 
and polyphenol oxidases have been considered for the 
treatment of dyes but none of them has been exploited 
at the large scale due to low enzymatic activity in biolog-
ical materials and high cost of purification (Bhunia et 
al., 2001; Shaffiqu et al., 2002; Verma and Madamwar, 
2002). 
Here, the potential of bitter gourd peroxidases (BGP) 
in the decolorization of a large number of aromatic dyes 
has been investigated. Twenty-one dyes having wide 
spectrum chemical groups, used in textile and other 
industries, were selected for the study. Majority of the 
tested dyes were recalcitrant to decolorization/degrada-
tion by bitter gourd peroxidases. However, the addition 
of 1 mM 1-hydroxybenzotriazole (HOBT), a redox 
mediator, to the reaction mixture enhanced the rate of 
decolorization of textile and other dyes. Various mix-
tures of dyes were also successfully decolorized by BGP. 
2. Methods 
2.1. Materials 
Coomassie Brilliant Blue G-250, Coomassie Brilliant 
Blue R-250 and Celestine Blue were purchased from Sig-
ma Chemical Co. (St. Louis, MO) USA. Carmine, 
Methyl Orange, Naphthalene Black 12B, Methyl Violet 
6B and l:2-naphthaquinone 4-sulphonic acid were pur-
chased from the BDH Ltd., Poole, England. Rhodamine 
6G was obtained from Gurr Ltd., London, England and 
Evans Blue was purchased from Eastman Organic 
Chemicals, USA. Eriochrome Black T, Martius Yellow 
and Methylene Blue were obtained from Qualigens Fine 
Chemicals, Mumbai, India. Textile reactive dyes were a 
gift from Atul India Ltd. HOBT was purchased from 
SRL Chemicals, Mumbai, India. o-Dianisidine-HCl 
was obtained from the CBT, New Delhi, India. Bitter 
gourd used in the study was purchased from a local veg-
etable market. The chemicals and other reagents em-
ployed were of analytical grade and were used without 
any further purification. 
2.2. Ammonium sulphate fractionation of bitter gourd 
proteins 
Bitter gourd (50 g) was homogenized in 100 ml of 
0.1 M sodium acetate buffer, pH 5.6. Homogenate was 
filtered through four layers of cheesecloth. The filtrate 
was then centrifuged at 10,000g on a Remi R-24 cooling 
centrifuge. The clear supernatant thus obtained was sub-
jected to salt fractionation by adding 20-80% (w/v) 
(NH4)2S04. It was stirred overnight at 4 °C to obtain 
maximum precipitate. The precipitate was collected by 
centrifugation at 10,000g on a Remi R-24 cooling centri-
fuge. The obtained precipitate was redissolved in appro-
priate volume of 0.1 M sodium acetate buffer, pH 5.6 
and dialyzed against the same buffer (Musthapa et al., 
2004). 
2.3. Bitter gourd peroxidase (BGP) activity measurement 
Peroxidase activity was measured from the change in 
the optical density (^46o nm) at 37 °C by measuring the 
initial rate of oxidation of o-dianisidine-HCl by H202 
using the two substrates in saturating concentrations 
(Husain et al., 1992). 
One unit of peroxidase activity was defined as the 
amount of enzyme protein that catalyzes the oxidation 
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of 0-dianisidine-HCl in the presence of H 2 0 2 into 
1.0 umol of chromophoric complex 
(£„, = 30,000 M_1cm_1) per min at 37 °C. 
2.4. Treatment of reactive textile dyes with increasing 
concentration of BGP 
The dyes (50-200 mg dye/1) were prepared in 100 mM 
sodium acetate buffer, pH 5.6. Each dye was incubated 
with increasing concentration of BGP "0.133-
0.399 EU of BGP/ml of reaction volume" in 100 mM so-
dium acetate buffer, pH 5.6 in the presence of 0.6 mM 
H202 for 2 h at 37 °C. 1 mM HOBT was used as a 
free-radical mediator for the selected experiments. Dye 
decolorization by BGP was monitored at each specific 
wavelength in the presence and absence of 1 mM 
HOBT. The percent decolorization was calculated by 
taking untreated dye solution as control (100%). 
2.5. Treatment of reactive textile dyes with fixed 
concentration of BGP for varying times 
Each dye was incubated with 0.266 EU of BGP/ml of 
reaction volume in 100 mM sodium acetate buffer, pH 
5.6 at 37 °C in the presence of 0.6 mM H 2 0 2 for varying 
time intervals (1, 2 and 4h). Decolorization was also 
performed in the presence of 1 mM HOBT under other 
similar experimental conditions. The decrease in absor-
bance of the dye solutions at the respective /imax was 
monitored at predetermined intervals. The percent 
decolorization was calculated by taking untreated dye 
solution as control (100%). 
2.6. Procedure for the treatment of non-textile dyes 
Each dye was incubated with 0.167 EU of BGP/ml of 
reaction volume in 100 mM sodium acetate buffer, pH 
5.6 for 1 h at 37 °C in the presence of 0.6 mM H202 . 
1 mM HOBT was used as a free-radical mediator for 
the selected experiments. Dye decolorization by BGP 
was monitored at each indicated wavelength. The per-
cent decolorization was calculated by taking untreated 
dye solution as control (100%). 
2.7. Decolorization of water polluted with mixture of dyes 
Dye mixtures were prepared by mixing each dye in 
equal proportions in terms of absorbance. The mixtures 
of dyes were treated with 0.266 EU of BGP/ml of reac-
tion volume in 100 mM sodium acetate buffer, pH 5.6 
in the presence of 0.6 mM H2Oz and 1 mM of HOBT 
for 1 h at 37 °C. Decrease in absorbance in each BGP 
treated polluted water was monitored at each specific 
wavelength maxima of the mixture. The percent decolor-
ization was calculated by taking untreated dye mixture 
as control (100%). 
2.8. Determination of protein concentration 
The protein concentration was determined by the 
procedure described by Lowry et al. (1951). Bovine ser-
um albumin was used as standard. 
3. Results and discussion 
We have first ever reported the application of par-
tially purified BGP in the decolorization of textile and 
other industrially important dyes. In order to reduce 
the cost of the wastewater treatment, simple ammonium 
sulphate precipitated proteins from bitter gourd were ta-
ken for the treatment of a number of dyes present in pol-
luted wastewater. Partially purified preparation of BGP 
was obtained by adding 20-80% ammonium sulphate 
and this preparation exhibited a specific activity of 
99.0 EU of peroxidase/mg protein. Peroxidases from bit-
ter gourd were highly stable against pH, heat, urea, 
water miscible organic solvents, detergents and proteol-
ysis (Akhtar et al., 2005). The experiments were de-
signed to assess the dye decolorization in the presence 
of H 20 2 and crude BGP; interestingly it proved to be 
a very good enzyme. The dye solutions were found to 
be stable upon exposure to H 20 2 or to the enzyme 
alone. Thus, the dye precipitation was a result of 
H202-dependent enzymatic reaction, possibly involving 
free-radical formation followed by polymerization and 
precipitation. 
3.1. Treatment of textile reactive dyes with varying 
concentrations of BGP 
All eight textile reactive dyes were treated with 
increasing concentration of "0.133-0.339 EU of BGP/ 
ml of reaction volume" for 2 h at 37 °C. The decoloriza-
tion of Reactive Red 120, Reactive Blue 4, Reactive Blue 
160 and Reactive Blue 171 was continuously enhanced 
by adding increasing concentration of BGP. Reactive 
Blue 4 was completely decolorized with 0.399 EU of 
BGP/ml of reaction mixture in the absence of HOBT. 
Reactive Orange 4, Reactive Orange 86, Reactive Red 
11 and Reactive Yellow 84 were recalcitrant to the 
BGP action (Table 1). 
3.2. Treatment of reactive textile dyes by step-wise 
addition of BGP 
Four reactive textile dyes were treated by step-wise 
addition of enzyme, adding 0.133 EU of BGP/ml of 
reaction volume at each step after every 1 h, to the 
decolorizing solution. Each enzyme addition exhibited 
rapid disappearance of color (Fig. 1). Reactive Blue 
160 was completely decolorized after the third enzyme 
addition while Reactive Blue 4 was almost decolorized 
•!•«*&•£ 
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Table I i au i c i 
Treatment of reactive textile dyes with increasing concentration of BGP 
Name of the dye 
Reactive Red 120 
Reactive Blue 171 
Reactive Blue 4 
Reactive Blue 160 
Reactive Orange 4 
Reactive Red 11 
Reactive Yellow 84 
Reactive Orange 86 
Percent decolorization 
0.133 EU/ml 
Minus HOBT 
8 + 0.32 
13 ±0.85 
48 ±2.1 
24 ±1.2 
0 
0 
0 
0 
Plus HOBT 
10 ± 0.4 
20 ± 0.75 
96 ± 0.8 
71 ±3.1 
36 ±1.08 
34 ±1.3 
20 ± 0.4 
35 ±1.4 
0.266 EU/ml 
Minus HOBT 
15 ±0.75 
23+1.0 
79 ±3.1 
70+1.94 
0 
0 
0 
0 
Plus HOBT 
22 ± 1.06 
35 ± 0.7 
100 
86 ± 2.44 
77 ± 2.08 
68 ± 2.04 
67 ± 3.35 
54 ± 2.7 
0.399 EU/ml 
Minus HOBT 
28 ± 0.84 
31 ±1.3 
99 ± 0.4 
77 ± 3.08 
0 
0 
0 
0 
Plus HOBT 
68 + 2.12 
74 ± 3.5 
100 
98 ± 0.2 
98 ± 0.32 
80 + 2.4 
7012.5 
78 + 2.9 
Each dye was treated with BGP in the presence and absence of HOBT as described in the text. The values are mean ± SD of two independent 
experiments performed in duplicates. 
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Fig. I. Treatment of reactive textile dyes by step-wise addition of BGP. Each dye solution was treated with 0.133 EU of BGP/ml and 0.6 mM H2O2 
in 100 mM sodium acetate buffer, pH 5.6. 0.133 EU of BGP/ml was added after every 1 h in the decolorizing solution. Dye decolorization was 
measured before adding the fresh batch of enzyme. The percent decolorization was calculated by taking the untreated dye solution as control (100%). 
(Error bars represent the standard deviations of duplicate determinations). 
completely after the second enzyme addition. Reactive 
Blue 171 and Reactive Red 120 were decolorized to 
56% and 39%, respectively after the third enzyme addi-
tion. However, Reactive Red 11, Reactive Orange 4, 
Reactive Orange 86 and Reactive Yellow 84 were recal-
citrant to decolorization by BGP. 
3.3. Treatment of reactive textile dyes for varying times 
with fixed concentration of BGP 
Eight textile reactive dyes were incubated with 
0.266 EU of BGP/ml of reaction volume for increasing 
time period. Out of eight only four dyes were decolor-
ized on treatment with BGP for 1 h at 37 °C. Although 
more color disappeared when dyes were incubated for 
longer duration, however the rate of decolorization 
was slow (Table 2). All the four dyes were decolorized 
with varying percentage (30-90%>). The decolorization 
of dyes with 0.266 EU of BGP/ml of reaction volume 
on incubation at 37 °C for 4 h was 88% for Reactive 
Blue 4, 71% for Reactive Blue 160, 31% for Reactive 
Blue 171 and 28% for Reactive Red 120. Rest of the four 
dyes: Reactive Red 11, Reactive Orange 4, Reactive Or-
ange 86 and Reactive Yellow 84 were fully recalcitrant 
to decolorization by BGP even after 4 h incubation with 
similar treatment. 
3.4. Treatment of non-textile dyes 
Thirteen different non-textile dyes were prepared and 
treated with 0.167 EU of BGP/ml of reaction volume at 
37 °C for 1 h (Table 3). Carmine, Methyl Orange, Meth-
ylene Blue, Coomassie Brilliant Blue G-250, Rhodamine 
6G, Methyl Violet 6B, 1:2 naphthaquinone 4-sulphonic 
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Table 2 
Treatment of reactive textile dyes with fixed concentration of BGP for varying times 
Name of the dye 
Reactive Red 120 
Reactive Blue 171 
Reactive Blue 4 
Reactive Blue 160 
Reactive Orange 4 
Reactive Red 11 
Reactive Yellow 84 
Reactive Orange 86 
•*max (nm) 
511 
607 
595 
616 
489 
545 
414 
413 
Percent decolorization 
l h 
Minus HOBT 
7 ± 0.28 
15 ±0.6 
78 ±1.56 
68 ± 2.72 
0 
0 
0 
0 
Plus HOBT 
20 ± 0.8 
22 ±1.1 
97 ± 0.48 
68 ± 2.23 
35 ±1.72 
34 ±1.03 
36 ±1.30 
25 ±1.20 
2h 
Minus HOBT 
15 ±0.75 
23 ± 0.9 
79 ± 2.95 
70 ±1.94 
0 
0 
0 
0 
Plus HOBT 
22 ± 0.88 
35 ±1.60 
100 
86 ± 3.3 
77 ± 2.85 
68 ±3.10 
67 + 2.15 
54 ±1.94 
4h 
Minus HOBT 
28 ±1.1 
31 ±1.55 
88 ± 2.52 
71 ± 2.05 
0 
0 
0 
0 
Plus HOBT 
68 ± 2.4 
78 ±3.12 
100 
100 
88 ± 3.06 
81 ±3.25 
83 ± 3.08 
78 ± 3.34 
Each dye was treated with BGP in the presence and absence of HOBT as described in the text. The values are mean ± SD of two independent 
experiments performed in duplicates. 
Table 3 
Treatment of non-textile dyes by BGP in presence and absence of HOBT 
Name of the dye X^^ (nm) Percent dye decolorization 
Minus HOBT Plus HOBT 
Carmine 
Methyl Orange 
Coomassie Brilliant Blue G 250 
Rhodamine 6G 
Methylene Blue 
Naphthalene Black 12B 
Evans Blue 
Methyl Violet 6B 
Coomassie Brilliant Blue R 250 
1:2-Naphthaquinone 4-sulphonic acid 
Eriochrome Black T 
Celestine Blue 
Martius Yellow 
514 
464 
585 
525 
664 
617 
607 
580 
553 
357 
503 
642 
433 
0 
1 ± 0.05 
3 ±0.15 
4 ±0.18 
1±0.04 
53 ± 1.34 
96 ±1.25 
7 ± 0.23 
57 ±1.08 
5 ± 0.34 
51 ± 1.45 
86+1.19 
3 ±0.13 
95 ±1.25 
100 
88 ±2.12 
100 
95 ±1.6 
96 ±1.5 
98 ±1.0 
92+1.7 
99 ±1 
7 ±0.4 
92 ±1.4 
89 ±1.25 
18 ±0.3 
Each dye was treated with BGP in the presence and absence of HOBT as described in the text. The values are mean ± SD of two independent 
experiments performed in duplicates. 
acid and Martius Yellow dyes were recalcitrant to decol-
orization by the BGP action or were slowly decolorized 
during the progress of the reaction. Maximum decolor-
ization achieved by partially purified BGP was 53% for 
Naphthalene Black 12B, 57% for Coomassie Brilliant 
Blue R 250, 96% for Evans Blue, 51% for Eriochrome 
Black T and 86% for Celestine Blue. 
3.5. Treatment of dyes in the presence of redox-mediator 
Twenty-one dyes used in this study were treated with 
BGP in the presence of 1 mM HOBT and 0.6 mM H202 
at 37 °C. Presence of HOBT drastically enhanced the 
rate of decolorization of recalcitrant dyes. Reactive Or-
ange 4, Reactive Red 11, Reactive Yellow 84 and Reac-
tive Orange 86 were recalcitrant to decolorization in the 
absence of HOBT. However, these dyes were decolor-
ized up to 98%, 80%, 70% and 78%, respectively by 
the action of 0.399 EU/ml of BGP in the presence of 
1 mM HOBT at 37 °C for 2 h (Table 1). Non-textile dyes 
e.g., Carmine, Methyl Orange, Coomassie Brilliant Blue 
G 250, Rhodamine 6G, Methylene Blue and Methyl 
Violet 6B, which were recalcitrant to decolorization by 
BGP in absence of HOBT, were almost completely 
decolorized in presence of 1 mM HOBT. However, 
1:2-naphthaquinone 4-sulphonic acid was recalcitrant 
to decolorization even in the presence of HOBT (Table 
3). 
Decolorization of textile reactive dyes in the absence 
of HOBT was followed by the formation of precipitate, 
which settled down and removed by centrifugation. Sev-
eral earlier investigators have shown that the treatment 
of phenols and aromatic amines by peroxidases and tyr-
osinases resulted in the formation of large insoluble 
aggregates (Wada et al., 1995; Tatsumi et al., 1996; Hus-
ain and Jan, 2000; Duran and Esposito, 2000). However, 
the decolorization of textile and other dyes by BGP in 
presence of 1 mM HOBT appeared without the forma-
tion of any precipitate. It suggested that the decoloriza-
tion of dyes took place via degradation of aromatic ring 
of the compounds or by cleaving certain functional 
groups. These results are in agreement with earlier pub-
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lished data (Bhunia et al., 2001; Shaffiqu et al, 2002). 
Thus, HOBT could have a dual role, first as a mediator 
by increasing the substrate range of dyes for BGP and 
second enhancing the rate of oxidation. 
Figs. 2 and 3 demonstrate the decolorization and deg-
radation of Reactive Blue 160 and Rhodamine 6G, 
respectively by BGP in the presence and absence of 
1 mM HOBT. These figures evidently demonstrate the 
rapid disappearance of absorption peaks in both the 
UV and the visible regions in the presence of HOBT. 
The disappearance of absorption peak in presence of 
HOBT in visible region was due to the breakdown of 
chromophoric group present in the dyes. Diminution 
of the absorbance peak in UV region was related to 
the cleavage of the aromatic group present in the origi-
nal structure of the dye (Bhunia et al., 2001). Mielgo et 
al. (2001) also reported that the remarkable diminution 
of the Orange II absorbance peak in UV region was re-
lated to the cleavage of the aromatic group present in 
the original structure of the dye. 
3.6. Treatment of mixtures of dyes with BGP 
To simulate the decolorization of dyes from indus-
trial effluent, complex mixtures of various reactive tex-
tile and other industrially important dyes were 
prepared by mixing three or four different dyes in equal 
proportions and incubated with 0.266 EU of BGP/ml in 
the presence of 1 mM HOBT and 0.6 mM H202 for 1 h 
at 37 °C. Wave length maxima for each dye mixture was 
determined and decolorization of mixtures was moni-
tored after the incubation period. All the mixtures were 
decolorized by more than 80% (Table 4). However, the 
decolorization rate of mixtures of dyes was slower than 
that of pure dye solution. This supports an earlier obser-
vation that the biodegradation of various phenols in the 
form of mixtures was quite slow compared to the inde-
pendent phenol (Kahru et al., 2000). 
Bourbonnais and Paice (1990) described for the first 
time the use of redox mediators by allowing laccase to 
oxidize non-phenolic compounds thereby expanding 
the range of substrates that can be oxidized by this en-
zyme. The mechanism of action of laccase mediator sys-
tem has been extensively studied and it is used in the 
textile industry in the finishing process for indigo stained 
materials. Several workers have demonstrated that the 
use of redox mediator system enhanced the rate of dye 
decolorization by several folds but these mediators were 
required in very high concentrations (5.7 mM violuric 
acid/laccase system, 11.6 mM of HOBT/laccase system) 
(Soares et al., 2001a,b; Claus et al., 2002). In this study, 
for the first time, we have shown the decolorization of 
dyes by BGP by using very low concentration of HOBT 
(1 mM), which enhanced the rate of non-textile dyes 
decolorization by 2-100 folds. There were several re-
ports about the enhancement of laccase activity by free 
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Fig. 2. UV-Visible absorption spectra of Reactive Blue 160 after treatment with BGP in presence and absence of HOBT. Absorption spectra were 
taken for the treated as well as untreated dye solutions. The dye was incubated with 0.266 EU of BGP/ml and 0.6 mM H202 in 100 mM sodium 
acetate buffer, pH 5.6 at 37 °C for 2 h in presence and absence of 1 mM HOBT. 
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Fig. 3. UV-Visible absorption spectra of Rhodamine 6G after treatment with BGP in presence and absence of HOBT. Absorption spectra were 
taken for the treated as well as untreated dye solutions. The dye was incubated with 0.167 EU of BGP/ml and 0.6 mM H2O2 in 100 mM sodium 
acetate buffer, pH 5.6 at 37 °C for 1 h in presence and absence of 1 mM HOBT. 
Table 4 
Decolorization of polluted water containing mixture of dyes 
Mixture of dyes A ^ (nm) Percent decolorization 
Reactive Blue 160 + Reactive Blue 171 + Reactive Yellow 84 + Reactive Red 11 
Reactive Red 120 + Reactive Orange 86 + Reactive Orange 4 + Reactive Blue 4 
Reactive Blue 160 + Reactive Orange 86 + Methyl Orange + Methyl Violet 6B 
Reactive Red 120 + Reactive Yellow 84 + Methylene Blue + Rhodamine 6G 
Carmine + Eriochrome Black T + Methylene Blue 
Methyl Violet 6B + Celestine Blue + Methyl Orange 
551 
507 
443 
510 
516 
465 
90 ±3.5 
80 ± 3.8 
81 ± 3.05 
81+4.05 
83 ±4.15 
95 ± 3.5 
The mixtures of dyes were treated as described in the text. The values are mean ± SD of two independent experiments performed in duplicates. 
radical mediators (Reyes et al., 1999; Soares et al., 
2001a,b; Claus et al., 2002), however this manuscript 
demonstrated for the first time about the enhancement 
of peroxidase activity by a redox mediator. Peroxidase/ 
redox mediator system will prove a sensitive and an 
inexpensive procedure for the treatment of dyes present 
in complex mixtures/industrial effluent. 
4. Conclusions 
In this study we have shown for the first time that 
peroxidases from Momordica charantia are highly effec-
tive in decolorizing wide spectrum of industrially impor-
tant dyes. Dye solutions, containing 50-200 mg dye/1, 
were successfully treated with BGP in presence and ab-
sence of free radical mediator, HOBT. Decolorization 
rate was drastically increased when reactive textile and 
other industrially important non-textile dyes were trea-
ted with BGP in presence of 1 mM HOBT. In order to 
show the application of BGP in effluent treatment, we 
prepared complex mixtures of dyes. The mixtures of 
dyes treated with BGP in presence of HOBT were decol-
orized by more than 80%. The application of peroxidase 
that is easily available and inexpensive can overcome its 
limitations in wastewater treatment. The use of peroxi-
dases can be extended to the large-scale treatment of a 
wide spectrum structural dyes by using immobilized 
BGP and relatively cheaper redox mediators. This as 
well as the scale up of enzymatic processes is the subject 
of further study. Our data suggested that the peroxidase/ 
mediator system is an effective biocatalyst for the treat-
ment of effluents containing recalcitrant dyes from tex-
tile, dyeing and printing industries. 
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